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ADVERTISEMENT TO THE SECOND EDITION. 



This book has been thoroughly revised by the Author, 
and it is hoped that no discovery of importance, which 
has been made in Astronomy since 1852, the date of 
the First Edition, has been left unnoticed. On account 
of the interest which has been excited by the brilliant 
discoveries recently made by means of spectrum 
analysis, an Appendix has been added, giving a de- 
tailed account of the most important of them, and 
of the nature of the processes by which they have been 
made. It is hoped that, by the pains which have been 
bestowed on the revision, the treatise may prove 
additionally useful to the class of students who have 
used it in the First Edition, and its circulation be still 
more extensive. 



Badcliffe Observatory, Oxford, 
AugtMt 30, 1869. 



PKEFACE. 

It might with propriety be asked, what is the need of a 
new book on Astronomy, when so many excellent treatises 
already exist in the English lungnage, of every class, both 
such as are familiar and rudimentary and snch as exhanst 
the mathematical theories of the subject ? 

As far as the publisher of this little book is concerned, it 
may be sufficient to reply that a treatise was necessary to 
harmonise with his other '* Budimentary Treatises " on 
scientific subjects. The author also, when he was requested 
to write a work on the subject, felt convinced, after some 
investigation, that there did not at the time exist a book 
which, in small compass, and in a cheap form, would give 
the student a sketch of the processes pursued at present in 
modem observatories, together with the explanations of the 
leading phenomena of the science, and the most recent 
results of modem discovery. 

There are many catechisms and treatises on Astronomy, 
some of which form only the introductions to other of the 
sciences, such as Geography, while others confine thft.\ss5aj^'y%» 
to some special branch oi tb.e ^Txb^^cX.. ^^3i^a. Nx^^'^ji^^^'^* ^^i^^*^ 
generally descriptive, and con^e VXieTa&^N^^ <2»c^<^^ "^^ '^'^ 
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explanations of some of the most striking phenomena, and 
to the details of the chief facts relating to the solar system 
and to elementary and sidereal astronomy. More systematic 
treatises, such as the admirable ** Outlines " of Sir John 
Herschel, are necessarily published at a high price, and 
are out of the reach of the great mass of the people whom 
these Eudimentary Treatises are intended to benefit. 

Being on these grounds impressed with the conviction 
that a book which should embrace in small compass the 
chief /acts ef the science of Astronomy, and which should 
at the same time familiarise the mind of the student with 
the reasonings and processes by means of which the facts are 
arrived at, would be likely to prove useful, the author was 
willing to undertake the task of the compilation, though, 
from the small space allotted him, he was afraid that it 
would prove difficult, and perhaps embarrassing. He was, 
however, on proceeding with the work, agreeably surprised 
to find that much more matter could be compressed into the 
space than seemed at first to be practicable, by confining 
himself strictly to the leading features of the science, and 
by omitting, or passing over "with short notice, such casual 
phenomena as are mere consequences of the general laws 
that are developed. It is hoped that even in this respect 
the reader will in general not be disappointed, but that he 
will meet with an explanation of the greater number of 
those phenomena which he has been accustomed to find in 
books more exclusively descriptive ; but, if he should find 
omissions, it is hoped that the expressed object of the 
author, to deal only with the leading reasonings and facts of 
the science, will be a sufficient excuse. 

The printing of the book had commenced before the 
aathor was aware that a treatise by Mr. Hind, on Wi^ ^o\diX 
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System in a cheap form was nearly ready for publication, 
and it is gratifying to find that the plan of that work does 
not interfere materially with the present Budimentary 
Treatise. Mr. Hind's object, as explained in his Preface, 
has been to write a descriptive work, and '< to present the 
reader with the latest information on all points connected 
with the solar system." The anthor's object, on the con- 
trary, has been to write an explanatory work, which should 
at the same time contain the leading facts of the science, to 
serve for the purposes of illustration, and to make it accept- 
able to those who seek only for popular information. 

It is hoped that the chapter that has been introduced on 
Astronomical Instruments, and their mode of use, will prove 
serviceable both to the general reader and to the student 
who is preparing to study Astronomy more systematically. 
The explanation also which it has been found practicable to 
insert concerning the theory of gravitation, and of some of 
the leading features of lunar and planetary perturbations, 
will also, it is hoped, induce the reader to seek for fuller and 
more philosophical knowledge in Airy's "Gravitation," to 
which reference has been made more than once, and which, 
together with the " Ipswich Lectures " by the same eminent 
astronomer, should be in the hands of every young student 
who hopes to proceed to the severer reasonings and in- 
vestigations connected with the mathematical theories of 
Astronomy. 

B.M. 

Qbxbkwigb, 

March, 1852. 
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EIJDIMENTAEY ASTRONOMY; 

OB, 

A CONCISE ACCOUNT OP THE PRINCIPLES OP ASTBONOMT 
FOB THE USE OF BEGINNEBS. 



INTEODUCTION. 

1. The science of Astronomy has forced itself earlier upon 
the attention of mankind, and has been earlier cultivated, 
than any of the mechanical or physical sciences. This has 
arisen in part from the grandeur of the phenomena that are 
forced upon the attention of every one endued with ordinary 
faculties, and partly from the necessity of attending to the 
most striking of them with reference to the pursuits of daily 
life. Thus, the hours that can be allotted to daily labour, 
as well as the vicissitudes of the seasons devoted to various 
agricultural pursuits, day and night, seed time and harvest, 
summer and winter, depend upon the apparent motions of 
the sun, and can only be known or predicted by a study of 
his motions. As soon, also, as people living on the sea-coast 
had acquired civilisation enough to know the importance of 
making the ocean the means of communication between 
themselves and neighbouring countries, they would recog- 
nise the importance of studjdng the positions and the motions 
of those points of reference that glittered in the firmament 
above them, and seemed so exactly adapted to the purpose. 
They could quickly observe that though, at first sight, the 
**mazy dance" of the planets and the stars presented in- 
extricable confusion, yet a trifling amount of observation 
would reduce their motions to something like order. 

2. The Chaldean or the Phoenician astroiioxsiftx^^HsQSs^jvsv^ 
the aspect of the heavens fox a ^\io\^ ija.^*^^ ^q^^^ «^3^«s^ 

B 
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to himself with tolerable precision the nature of the motions 
exhibited. Looking towards the north at successive hours, 
he would observe in one part of the heavens that the stars, 
if not actually at rest, yet had motions very inconsiderable 
compared with those in other parts, and that they appeared 
to turn round a point or pole, defined by a tolerably bright 
star, which itself appeared to be absolutely motionless. 
Looking towards the east he would observe stars rising 
successively above the horizon, or earth-bounding line, and 
equally proceeding in parallel directions towards the south, 
while in the west those that had previously occupied his 
attention vanished one by one, and were succeeded by others 
declining in the same direction. The general direction of the 
motion of the stars, from the east towards the west, and their 
apparent common motion round some one line or axis, of 
which a point in the heavens near the north or polar star 
was the termination, would be quickly recognised. 

8. It would also be readily seen that the stars, though thus 
partaking of a common motion round a fixed axis, had no 
visible motion with regard to each other. Night after night 
the same remarkable groups would be exhibited: Orion 
would appear with his sword and his belt ; Castor and Pollux, 
twins in magnitude, and conspicuous for their brightness, 
would preserve the same distance from each other and the 
neighbouring stars; Sirius would glitter with unrivalled 
brightness beneath them, and the general aspect of the 
heavens would be unchanged. 

4. But there was one fact, which, as the seasons rolled 
onwards, they would not fail to discover, viz., that the whole 
of these glittering bodies had a motion with regard to the 
sun, that is, that either the sun moved amongst them in the 
course of the year from west to east through the whole cir- 
cumference of the heavens, or that the stars travelled in one 
compact mass towards him, from east to west, in addition to 
their diurnal motion. Beginning their observations soon 
after sunset they would observe that, at the same hour of 
the evening (reckoned by the sun), the stars in the east were 
higher after a few nights, or had risen earlier, while the 
stars in the west were lower or nearer to setting, that is, 
they had all apparently been moving from east to west 
towards the son, or the sun had been moving from west to 
east, which would be by far the simpler and likelier hypo- 
tbesis. By observing, too, the stars w^icVi «A. ^\fte>xe^\. 
seasons rose and set very near the sim, they ^oxjXQl \>^ ^^"^^ 
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to trace rudely his path among them, or to map out his 
track in the heavens, that is, they would get a notion of the 
ecliptic, or the sun's annual circle. By dividing also the 
globe of the heavens into two equal portions by a plane 
drawn through the centre at right angles to the axis before 
mentioned, that is, by the equatorial plane, they would find 
that the ecliptic cut this plane in two points at the ex- 
tremities of a diameter, or that the sun's motion was in a 
great circle of the sphere, and therefore that he moved in a 
plane which passes through or intersects the earth. 

6. Thus far the common-sense observations of the ancient 
astronomer led him to a knowledge of the general diurnal 
and annular phenomena of the heavens. But there were 
other objects which would almost equally attract his atten- 
tion. The moon, so necessary for the light afforded during 
the absence of the sun, and so interesting for the variety of 
the phases exhibited by her, would naturally claim a great 
share of attention. The track of this luminary could be very 
distinctly mapped out amongst the stars, and there would be 
no difficulty in discovering that she too moved in a great 
circle, that is, in a plane passing through the earth. 

6. By following up these observations the ancients would, 
by degrees, acquire a knowledge of some of the peculiarities 
of the motions of this body. By tracing her motions, how- 
ever rudely, they would scarcely fail to discover that the 
point where her orbit intersected the ecliptic or the sun's 
path was not stationary, but had a constant retrograde 
motion, and that in consequence her position in the heavens 
varied from year to year, and after a time they would gain 
a knowledge of some of the most remarkable of her in- 
equalities. 

7. Amongst the stars, too, one or two conspicuous in 
brightness would attract their attention by an evident mo- 
tion of their own. They would see them sometimes move in 
the order of the signs, or in the direction of the sun, and then, 
after appearing to rest for a period, the direction of their 
motion would become changed, and they would move con- 
trary to the order of the signs ; and they would not be long 
before they discovered that the motions of the planeta,* or 
wandering bodies, were connected with the sun, and they 
would make it their business to map down the \s^c^''^<5fc«. «^ 
thes^ bodies, and to discover th.e \«k.-^ oi >i)a^evx3L* 

♦ From wXavaw, to^vwi^eic^ 
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8. It is not our purpose, nor have we space, to enter at 
all in detail on the ancient history of astronomy, and our 
remarks have been made solely with the idea of pointing out 
to the student entering upon the science, what is the natural 
mode of treatment of the subject, so as to enable the mind 
to embrace clearly and consecutively its leading features ; 
but before following out the plan, which has been roughly 
sketched, it is necessary that we first endeavour to obtain 
some clear notions of the means by which our own planet 
has been measured and rendered the basis of further opera- 
tions, before we venture to apply the line and the plummet 
to those inaccessible bodies that by their distance present so 
many obstacles to our inquiries. 

9. The plan, then, which we propose to pursue is, first, to 
explain the nature of the proofs of the ordinarily received 
hypotheses respecting our own globe, including its rotundity, 
its uniform diurnal rotation round an axis sensibly fixed and 
permanent, and the nature of the operations by which its 
actual size and figure have been ascertained. 

10. We shall next devote some space to the description of 
the instruments, and of the mode of using them, by which the 
heavenly bodies are referred primarily to the centre of this 
our planet. 

11. We shall then treat of certain corrections required to 
be applied to the positions thence deduced, in consequence 
of the disturbances produced by the sun and moon on account 
of the earth's spheroidal figure, and in consequence of the 
progressive motion of light, 

12. The motions of the sun, moon, and planets will follow 
next in order, and we shall endeavour under this head to 
give some slight idea of the mutual disturbances which they 
experience in consequence of the law of gravitation, together 
with the theory of the eclipses originating in the apparent 
conjunctions and oppositions of the svin and moon. 

18. We shall then proceed to discuss those grander features 
of Astronomy which are involved in the speculations and re- 
search of modem astronomers on the numbers and distances 
of the fixed stars, and in doing this we shall be careful to 
give in short compass a sketch of the vast progress which has 
been made during the present age. 

14. In the study of any science, in however elementary a 
manner, some acquaintance witb the rudiments of various 
o^i^^ciences must be presupposed. In Astronomy, an ac- 
^^■^ with the chief propositions of elementary g^^ome^Vry 
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is indispensable, and the student is under great disadvantages 
unless he be in some degree acquainted also with plane and 
spherical trigonometry. We shall assume also that he has 
read attentively the Treatise on Mechanics in this series, and 
is consequently acquainted with the nature of fo^rce suf- 
ficiently to make our remarks on the mutual action of the 
bodies of the solar system on each other intelligible. It 
will be our object to divest the subject as much as possible 
of all unnecessary technicalities, and to explain, as clearly 
as our very limited space will allow, all the ordinary phe- 
nomena. 

15. At the same time it must be understood, that the 
book is only what it pretends to be — ^rudimentary ; and that 
the student who has tolerably well mastered its contents, 
should proceed to study the far more philosophical and 
complete expositions of the subject that are comprised in 
Airy's Ipswich Lectures, and Sir John Herschers Outlines 
of Astronomy. 



6 FIGURE AND DIMENSIONS OF THE EARTH. 



CHAPTER L 



FIGURE AND DIMENSIONS OP THE EARTH. 

16. Our introductory chapter has shown how the most 
conspicuous of the phenomena of the starry heavens may 
be investigated and explained by an observer assisted by 
nothing but ordinary good faculties, who watches diligently 
the apparent motions of the heavenly bodies for a whole 
season. Such a person will be able to account for the 
apparent diurnal motion of the stars from east to west, by a 
real diurnal rotation of the earth on a fixed axis from west 
to east, and the apparent annual motion of all the stars in a 
compact mass relatively to the sun by the h3^othesis of an 
apparent motion of the sun in the contrary direction. 

17. All these phenomena will be equally well accounted 
for, whatever ideas we may entertain of the dimensions and 
the shape of the earth. But, as it is evident that the earth 
must ultimately be our basis for measuring everything ex- 
ternal to itself, we will begin by inquiring by what means we 
derive our ideas respecting its size and figure. 

18. First, then, the earth is, roughly speaking, round or 
spherical, like a ball or an orange. The ordinary proofs of 
this fact are of the following nature : — ^A person standing on 
the sea-shore, and watching with a telescope the approach of 
a ship under sail, would first see the topmast and upper 
sails, next the mainmast and lower sails, and lastly the hull. 
Two ships approaching each other under sail, in like manner, 
first become visible to each other from their respective mast- 
heads, the lower portions coming successively into sight. 
Lastly, ships have actually and repeatedly made the circuit 
of the globe ; that is, by sailing out from a certain port in a 
westerly direction, they have returned to it in an easterly 
direction, or vice versa. Lastly, the phenomena with regard to 
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the heavenly bodies, which ought to take place on snch a sup- 
position, actually do take place. Thus, to a ship sailing south- 
wards, night after night new constellations towards the south 
are continually making their appearance, and those towards 
the north are sinking lower and lower. As the southern cross 
attracts the delighted attention of the mariner in one direction, 
his old friends the Greater and the Lesser Bear, with the pole 
round which they revolve, are vanishing in the other. 

19. By such observations we may satisfy ourselves that 
the earth is, generally speaking, round, but we are still 
ignorant of its exact shape. And by what means are we to 
estimate or measure it ? It would seem ridiculous to say that 
it is principally done by a yard measure or small standard 
of length, and yet it is really the fact. Small as we are with 
regard to the vast surface of the earth, and crawling as it 
were slowly on its surface, it is plain that we cannot put a 
girdle round it, or measure at once its whole circumference; 
but, in defect of that, we can measure by degrees tolerably 
large portions of its surface in various situations, and then by 
calculation find what form and what dimensions will best 
satisfy all the observations which have been made. But 
here a difficulty meets us at the outset. All bodies with 
which we are acquainted expand by heat and contract by 
cold, so that, whatever we choose for our measuring rod, it 
will not preserve an invariable length, and so will be very 
unfit to measure a distance equal to very many multiples of 
itself. Various plans have been devised for getting rid of 
this difficulty, by nicely comparing the metal bars that were 
to be used with some one standard bar under known cir- 
cumstances of temperature, or by compensating the bars 
themselves by means of the application of two metals dif- 
ferently afiected by temperature. An ingenious instance of 
this kind of compensation was first employed in the bars used 
in the measurement of the Irish Base Line,* along the east 
side of Lough Foyle, in the county of Londonderry, and 
afterwards used in India and at the Cape of Good Hope. 
The principle may be thus explained : — a a' and b 6' are two 
bars parallel to each other ; the upper one of brass, and the 
lower one of iron, connected by a steel piece pq; artf dn\ are 
fiat steel tongues at their extremities, moving freely on conical 

* See Account of Measurement of the Lough Foyle Base Line in 
Ireland, by Captain W. YoUand, K.N. ; and Auy^s Ipswich Lectuxoa^ 
p. 41. 
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brass pivots, allowing them to be inclined at small angles to 
the lines perpendicular to the bars. The lengths a n, a' n', 
are to the lengths h Uy h' n' , m the proportion of the expan- 
sion of brass to that of iron under equal increments of tern- 
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perature. Then the bars being made of precisely eqnal 
lengths at a temperature of 62°, the tongues will for that 
temperature be perpendicular to the bars, and for any other 
temperatures the expansions or contractions a c, h d, ae, hfy 
&c., of the brass and iron bars being proportioned io an, h riy 
it is plain by the properties of similar triangles that the 
points n and n' wiU be invariable. The distance between 
those points, therefore, was used for the invariable length of 
the measuring bar. 

20. There was still another difficulty to be surmounted. 
It was found by experiments that with respect to a brass 
cylindrical bar and an iron one, if their surfaces were equally 
exposed, the brass heated and cooled considerably faster 
than the iron bar, and it was necessary to find some means 
of reduciug their heating and cooliug powers to the same 
rate. This was efiected by the use of another principle, viz., 
that the powers of radiation and absorption of heat depend 
upon the degree of polish of their surfaces ; for, by lacquer- 
ing the surface of the brass bar, and by browning and 
lacquering the iron one, it was found quite practicable to 
equalise the rates of cooling and heating. 

21. Having thus obtained an invariable measure of length, 
it is evidently possible, by using several such bars, to measure 
a line of any length with perfect accuracy. But other pre- 
cautions are still necessary in practice. The bars must not 
be placed close together lest they should disturb each other. 
It was necessary, therefore, to measure the small intervals 
between them by means of microscopes, mounted on a similar 
principle of compensation. Other precautions for insuring 
the bars being at precisely the same level and in the same 
straight line, it would occupy too much space to detail. 

22. However, by this process, suppose we have i\ift "^o^et 
o/ measuring a line of several miles in length. ViVii "^etlftQi\» 
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accuracy. The line must be selected with great care, over 
a level tract of country, as free as possible from hindrances 
and obstructions ; and the Irish base above mentioned was 
admirably adapted to its purpose, running along the sand 
on the borders of Lough Foyle. Such a line, once mea- 
sured, is the basis for a large triangulation of the country 
to be surveyed or measured, and the next instrument 
required for this purpose is a theodolite. This is an 
instrument for measuring horizontal angles, consisting, in 
its simplest state, of a pillar turning freely on a vertical 
axis, aid carrying, on outriders, with Y su/ports attached, 
a telescope, mounted like a transit instrument, capable of 
being directed to any object. It has a graduated horizontal 
circle read by verniers carried by the vertical pillar. 

23. Conspicuous objects on the summits of the hills within 
eight are then selected, and, by means of the theodolite, 
the angles which the lines joining them and the extremi- 
ties of the base make with its direction are then accurately 
measured. Now, here a curious fact is discovered. When 
these angles, together with the third angle of the triangle, 
are accurately measured, it is always found that the sum 
of the three angles is greater than two right angles; and 
this circumstance is invariably expected, and made in some 
degree a test of the accuracy of the work. Now our readers, 
who are conversant with spherical trigonometry, know that 
this is always the case in all spherical triangles, the difference 
being known by the name of the spherical excess, and being 
a measure of the spherical area. This, then, is an additional 
proof of the earth's sphericity. Imagine, now, a network of 
such triangles to be measured across a country in the direc- 
tion of a meridian^ which word it is necessary to define. 
With regard to the heavens, it may be understood to be that 
great circle passing through the poles, which bisects the 
diurnal path of the stars from horizon to horizon, or marks 
their highest point or point of culmination ; or, more tech- 
nically, it is the great circle passing through the poles and 
zenith (or point immediately vertical to the observer's posi- 
tion). With regard to the earth, it is the intersection of this 
plane with the earth's surface, or the circle passing through 
the poles and the observer's position. Now the object of the 
chain of triangles, measured in the manner above de^cx^^"i^^ 
is ultimately to obtain the leiigt\i oi «i. ^^VeticMissSv^^ 'nl^ ci\ '^^'^ 
meridian ; and the direction oi onft oi >2tiei ^v^'^'^ "'^^^^^^^^^ 
to the meridian must thexeioxe \>e ioxwA, c^-* *^^^ 
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speaking, its azimuth must be determined. The term azi- 
muth also requires definition. The azimuth of an object is 
its direction with regard to the meridian, which we have just 
defined ; and we shall always suppose it to be measured from 
the south towards the west throughout the whole circle. 

24. To determine, then, the azimuth of one of the lines of 
the measured triangles, we must evidently know the direction 
of the meridian, and for this purpose the transit instrument 
is used. As this instrument has not yet been described, we 
will ask the reader to take for granted, for the present, that 
by its use a mark can be set up exactly in the direction of 
the meridian from any one of the stations of triangulation ; 
and then, by the theodolite, the angular distance between 
this mark and another of the stations can be determined^ 
which will be the required azimuth. 

25. With these data, then, — that is, with the calculated 
lengths of the sides of the triangles and their azimuths, — the 
length of a portion of the meridian of considerable length, 
Ijdng between two chosen stations, may be calculated with 
very minute accuracy. The line thus measured, forming 
part of the earth's curved surface, will be curved, and the 
next object is to determine the degree of curvature. To 

elucidate this, we will explain what 
is meant by different degrees of cur- 
vature. Suppose AB, a'b', to be 
two small equal arcs of different 
circles, whose centres are o, o'. 
Draw the radii, and produce them 
to D E, d' e'. Then the curvatures 
of these arcs will be measured by 
the inclination of their radii at the 
extreme points; that is, by the 
angles doe, d' o' e', or, as the arcs 
are equal, and the angles generally 
are in the proportion of the arcs divided by the radii, the 
curvatures will be inversely proportional to the radii. 

26. Now mathematicians are accustomed to consider that 
any curve, so that its curvature be continuous, may at any 
point, for a very short distance, be supposed to coincide ' 
with a circle of a certain determinate radius, called its circle 
of curvature, and they may use without sensible error the 
curvature of this circle to denote the curvature of the curve 
a^ this point. To determine, then, tlie c\irvat\u:ft oi «i»^ 

i?ai'^ of the earth's surface, they endeovoxix lo «k.^Get\»«Axi 
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■what is the direction of the vertical line at each extremity 
of the arc, which they have measured as above explained, 
and to compare such measures at different parts of the 
earth's surface. 

27. Now, the direction of the vertical line at any place can 
be determined by three separate methods : viz., in the first 
place by means of the plumb-line, that is, of a string sus- 
pended from a point, with a weight at the end of it; or 
secondly, by means of a trough of mercury, whose surface 
when undisturbed is always horizontal, or at right angles 
to the vertical ; or thirdly, by means of a spirit level, tiiat 
is, of a horizontal glass tube slightly curved, and nearly 
filled with ether, or other volatile fluid, in which case the 
bubble or vacant space at its upper surface always retains 
a horizontal direction. On one or the other of these 
principles, instruments called zenith sectors have been 
constructed, by which the zenith distances of stars in the 
neighbourhood of the zenith can be accurately measured. 
As all the instruments which we have occasion to advert to 
in this chapter will be more fully described in the following, 
we shall beg the reader to take for granted for the present, 
that the angular distances of stars from the zenith, or point 
immediately over head, can be 
thus measured, and he will 
then see very readily how this 
operation is rendered sub- 
servient to the finding of the 
figure of the earth. 

28. Suppose, for instance, 
A and B to be two points of 
the earth's surface, on or 
nearly on the same meridian ; 
V A 0, v' B c, verticals at the 
points A and b ; s and s' the 
apparent positions of the same 
star, as seen from a and b. Then it is easy to see that, as 
the lines s a and s^ b must be parallel to each other, the dis- 
tance of the star being sensibly infinite, the difference of the 
angular zenith distances, v a s and V b s', is equal to the 
angle o, formed at the point where the verticals meet each 
other ; and this angle compared with the length of a b^ ijr^- 
viously measured, is the measxire oi \\iek cvvr^^^st^ <:>\ '^s^^ 
earth in the neighbourhood oi \3[i€>^om\» t^^si.^ ^-i^^-*'^'^"^^ 

accurately, for a point at the ToiddX^ oi k 'b* 




T^ 
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29. For the purpose of measuring the curvature of the 
earth at points widely separated from each other, expeditions 
have been at various times fitted out by the governments of 
different countries, but chiefly by those of France, Russia, 
Prussia, and England. The first great expedition was fitted 
out by the French government in the last century, and the 
stations chosen were, one in Lapland, as near the pole as 
was practicable, and the other in Peru, as near as possible 
to the equator. The astronomers employed were Maupertuis, 
La Condamine, and Bouguer. The lengths of arc measured 
were respectively about fifty miles, and two hundred miles, 
and the general result arrived at was, that for the two 
stations the inclination of the plumb-line had changed by 
1° at the extremities of arcs of 867,086 and 368,626 British 
standard feet respectively. By the explanation which has pre- 
ceded, it will be therefore readily understood that the earth 
was flatter at the northern than at the equatorial station, or 
the curvature is less near the pole than at the equator. 

80. Since that time various arcs have been measured in 
the great countries of Europe, Asia, Africa, and America. 
At the Cape of Good Hope, a measure originally made 
by Lacaille has been recently repeated and verified by 
Mr. Maclear, the present English astronomer at the Cape. 
A survey of Pennsylvania was made by order of the British 
government, in the time of Maskelyne, by Mason and Dixon, 
the former well known for his Lunar Tables. The Ladian 
government undertook the measurement and triangulation 
of the immense peninsula under their command ; and this 
great work, begun by Colonel Lambton, has been completed 
by his successor, Colonel Everest. The triangulation of 
Russia was accomplished by Struve, as that of Prussia was 
by his worthy and famous rival, the lamented Bessel. The 
English survey has been admirably executed by Roy, Kater, 
and Colby ; Denmark was surveyed by Schumacher, and 
the kingdom of Hanover by the accomplished philosopher, 
Gauss. A large (vrc, extending from Formentara to Dunkirk, 
was measured by order of the French Republic, during the 
first revolution, by the astronomers Delambre and Mechain ; 
and finally, an arc in the Roman States was measured by 
Boscovich. 

81. The above are nearly all the important measures of the 
earth's size and shape which have been made, and they all 

Jead to one and the same conclusion — ^that the general shape 
Iff that of an oblate spheroid, fl.attened at \Ihe T^oVea*, \3as)X,\a, 
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Bucli a figure as would be produced if a hoop were slightly 
flattened by pressure, and then made to revolve about the 
shortest diameter thus produced. 

82. We can, of course, give in a short popular treatise no 
intelligible account of the refined mathematical processes by 
which the most probable values of the flattening and of the 
absolute dimensions have been obtained from the measures. 
It is sufficient to say in this place that the measures have 
been most elaborately discussed by two of the most accom- 
plished mathematicians of this age, viz., Airy and Bessel, 
and we will state the results to which they have separately 
arrived. 

83. Airy*s results, as given in the Encyclopedia Metro- 
politana, (article " Figure of the Earth,") are, 

Equatorial diameter = 7925*648 ) ., 
Polar diameter = 7899-170 j °^®^- 

Bessel's results, obtained from the investigation in the Astro- 
nomische Nachrichten, Nos. 338 to 336, and No. 438, are, 

Equatorial diameter = 7925*604 ) ., 
Polar diameter = 7899-114 / "^^^®®- 

And from both these results it follows that the polar diameter 
is shorter than the equatorial by about ^oq part. This 
quantity is technically called the compression. 

More recently the figure of the earth has been determined 
with very great care by Captain A. R. Clarke, R.E., in con- 
nection with the geological operations of the Ordnance 
Survey* He finds as the most probable result that 

The Equatorial diameter = 7926-596 ) ., 
The Polar diameter = 7899-706 j ^^^^ ' 

the compression or ellipticity being ^ir very nearly. 
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CHAPTEE n. 



OF ASTBONOMIOAL INSTBUMENTS, AND THE MODE AND OBJECT 

OF THEIB USE. 

84. Having in the preceding chapters endeavoured to 
familiarise the student with the leading phenomena of the 
heavens, and with the mode of proof by which it is shown 
that many of these phenomena arise from the equable rotation 
of the earth round an axis sensibly fixed and permanent; and 
having finally given some idea of the operations by which 
the smface of our planet is measured, and its exact size and 
figure ascertained; we proceed, according to the plan laid 
down, to give a brief description of the principal instruments 
which are made use of in modem observatories for fixing 
geometrically the positions of the heavenly bodies. 

85. It is assumed that the student is sufficiently acquainted 
with elementary geometry to know that the position of a 
body on a plane surface is defined by means of its distances 
from two fixed lines (generally at right angles to each other) 
in that plane ; and similarly the position of a body on a 
spherical surface may be defined by means of its angular 
distances from two great circles of the sphere, at right angles 
to each other. One of the circles chosen by astronomers 
for this purpose is the equator, or the plane passing through 
the earth's centre at right angles to its axis of revolution, 
and the other is the plane passing through the earth's axis 
and the point where the equator intersects the ecliptic, or the 
plane of the sun's apparent motion. This latter point is 
technically called the First Pohit of Aries ; and this desig- 
nation was given because, in the time of the ancient astro- 
nomers, it was situated in the constellation Aries, though it 

£as now retrograded considerably behind \ihat coiiB.\.^\\a.\I\oTi.. 
^^ angular distance, then, of any heavenly \)ody, m^Btsvix^^ 
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along tlie equator, from the first point of Aries, is called its 
right ascension ; and its angular distance north or south of 
the equator is called its north or south declination ; or, which 
is a much hetter mode of measuring, its angular distance 
from the pole is called its polar distance. In northern lati- 
tudes like our own, this distance is measured, of course, from 
the North Pole, and is called North Polar distance. 

86. Let, for example, s be a 
star or other heavenly body, and 
let the circles y o and r m, as in 
the figure, be projections of the 
equator and ecliptic in the sphere 
of the heavens ; p the North Pole, 
or the point where the earth's axis 
produced would meet the sphere ; 
and, finally, p m, the projection of 
a plane passing through the axis 
and the body s, and therefore ^ 
necessarily at right angles to the 
equator. Then r m is the right 
ascension of the body ; s m is its 

declination (in this instance north) ; and p s its polar dis- 
tance. 

87. It is the main object of astronomers to determine for 
all stars in the heavens, as far as is practicable, and for every 
planet or comet, the values of these co-ordinate arcs. In the 
former case, that is, for stars popularly said to he fixed, we 
shall see hereafter that their places in the heavens can, by 
means of certain corrections applied to their observed places, 
be absolutely determined with a wonderful accuracy; and 
with regard to the latter, their orbits can be accurately 
determined, and their places predicted for any time what- 
ever. 

88. We will first show how right ascensions are determined. 
The reader will bear in mind that the stars appear to revolve 
uniformly round a fixed axis in a certain space of time 
(called from this circumstance a sidereal day) ; and for the 
present we shall assume that they do this with perfect accu- 
racy, and without any disturbance, either by want of absolute 
paralleHsm of the earth's axis, or by means of any motion of 
their own. Imagine then a clock to be set up, and regulated 
BO that its index shall describe very nearly t^^"^\i^-iwaV<s"^ss5fe» 
in the time of a star's passing "by \kft ^\\xni'5i\.^^^a^^^'^*'^^^ 

any point in the heavens tiU its letani \.o \\» ^ii^^va* "V^ "^"^ ^'^" 
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dent that, for the nearer adjustment of the clock and for the 
obtaining of a knowledge of its rate of going from day to 
day, it would be necessary to set up a fixed mark to observe 
this star. For instance, an observation might be made of 
the time of disappearance of the star, the observer looking 
along the side of a house whose front is nearly south, and, 
by watching it from night to night, and taking the time by 
the clock, an idea might be gained of its approximate rate of 
going. But if, instead of looking along the side of a house, 
the observer were to direct a telescope to the star, and watch 
the time of transit of its image over a fixed mark or wire 
placed in the plane of the focus of its object- glass, a much 
more delicate observation would be made ; and the observa- 
tion would be still more accurate and refined if, instead 
of one wire, several were inserted, and the mean of the times 
were taken to represent the time of passage. Now this is, 
in fact, what is done by the Transit Instrument^ which we 
shall proceed to describe. 

89. This instrument consists chiefly of an astronomical 
telescope, furnished with a frame of wires at the place where 
an image of a celestial object is formed by its object-glass, 
and with an eye-piece, through which the image of the object 
and of the wires can be distinctly viewed. It is also fur- 
nished with a cross axis, passing through its centre, and 
terminating in two well-turned and polished cylindrical steel 
pivots, whose axes are, as nearly as the artist can make 
them, in the same straight line, and at right angles to the 
optical axis of the telescope. The instrument is placed in 
bearings fixed to very soHd stone piers, and technicaUy 
called Ys, from their likeness to the letter Y. The position 
of the piers is so chosen, and they are so constructed, that 
when the ends of the pivots rest in the Ys, the axis of the 
pivots shall be very nearly horizontal, and that the optical 
axis of the telescope shall, in its revolution, very nearly 
sweep out the plane of the meridian, or the great circle 
passing through the zenith and the pole. If these con- 
ditions were all strictly fulfilled ; that is, if the axis of 
revolution were strictly at right angles to the optical axis 
of the telescope, and were strictly horizontal ; if the optical 
axis passed through the central wire of the system placed in 
the focus, and finally passed through anyone point of the 
meridian ; then, supposing the pivots to be perfectly cylin- 
driea}, &nA the tube of the telescope perfectly rigid, the 
H^cfl?^ of a body being on the meridian woxxid "be «i.<icvxi«^.^"^ 
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that at which it passed the central wire. But, unfortunately, 
none of these conditions can ever be accurately fulfilled; 
and even if they were fulfilled one day, they would not be so 
on another, on account of the shifting or yielding of the 
piers, or some part of the instrument. Indeed, the great 
principle of modem practical Astronomy is not so much to 
get rid of all instrumental errors as, in the fivst place, to 
provide means for accurately measuring them, and, in the 
second, to allow for them when measured in the calculation 
of the observation. We will then proceed to show how 
this is managed for the instrument under consideration. It 
must be remembered that the conditions to be satisfied for 
a star to be accurately observed as it passes the meridian 
are three. First, the axis of revolution must be accurately 
at right angles to the plane of collimation, that is, to the 
vertical planes passing through the centre of the object-glass 
and the central wire or mean of wires. Secondly, the axis 
of revolution must be horizontal. Thirdly, the optical axis, 
which (if these conditions be fulfilled) will describe a great 
circle passing through the zenith, must also pass through the 
pole. Hence three errors are introduced, called respectively 
the error of collimation^ the error of level, and the error of 
azimuth. 

40. To measure the error of collimation, a distinct mark is 
frequently used, set up at a considerable distance from the 
observatory, in the direction of the meridian ; but a better 
means is provided in the use of another telescope, set up on 
Ys in the northern opening of the shutters, and furnished 
with a wire-cross in its principal focus. By taking off the 
eye-piece of this latter telescope (adding a small plane re- 
flector to illuminate the wire), and turning its object-glass 
towards the object-glass of the transit telescope, the wire 
can be seen through the eye-piece of the latter, and answers 
the purpose of a fixed mark at an infinite distance. Ima- 
gine, then, this mark to coincide with the central wire 
of the transit instrument, and imagine the eastern end of 
the axis to be called A, and the western end B. Then, if 
the instrument be taken out of its Ys, and replaced with 
the ends of the axis reversed, — that is, so that B be east 
and A west, — if the wire is still coincident with the mart 
there is no error of collimation ; but if they do not cc^vc^^ 
cide, the distance between the two ViiSi \>ek \xi «sv^q^«s^ 5ssg5^R.'<5k 
the double of the error to be meaa\tte^. 'Ttkft «>^^c^'>^^ ^^o- 
tioB 18 measured by meanB oi an wg^at^Hxxa <ss^^^ ^ 

i 
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meter,"* with which all good transit instruments are fur- 
nished, and which we shall describe presently. 

41. Let us now see how to estimate the effect of this error, 
or to calculate what correction is due to the time of transit 
of a star from this cause. Suppose the line of collimation 
of the instrument to deviate from the meridian a few seconds 
(n) towards the east ; it will evidently deviate by this same 
space in any position of the telescope, and the error in time 
will be that taken by the star in describing this space by 
its diurnal motion. Now, stars move more slowly as they 
are nearer the pole, as is very evident from the fact of their 
describing a smaller circle in the same space of time, that 
is, in a day. Any of our readers who know anything of 
spherical trigonometry would easily make out that this 
slowness of fiie star's motion increases in the proportion of 
the secant of its declination or distance from the equator. 
Hence, since at the equator the error in time would 
amount to 

24 w* 

— - X w* or to — ; n* denoting n seconds of time; 

for any declination 8, the error will be 

— X Sec. 8, or to ; 

16 15 X sin. North Polar dist. 

In strictness, there is another error which acts in the same 
way as that of collimation, viz., that due to the diurnal 
aberration; but this we cannot discuss now, as the subject 
of aberration has not yet been brought before the reader. 

42. The next error is the error of level. This is measured 
by a spirit-level, which has been before mentioned, and which 
we will now describe. It consists chiefly of a hollow glass 
tube, nearly filled with a fluid of great mobility, such as 
spirit of wine or sulphuric ether, the unfilled part leaving 
merely a bubble occupying a considerable portion of the 
length of the tube. This tube is purposely curved in a 
slight degree, with its convexity upwards, so that, when the 
tube is very nearly horizontal, the bubble will rest in a 
definite position in the upper part. This glass tube is set 
in a frame of brass, and a scale is fixed to the upper part 
of it. It is also provided at the extremities of its frame 

^ * From /iiKpoQt small, and fierpciv, to moasoxe. 
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either with hooks by which it can be attached to the pivots 
of the instrument, or with feet terminating in forks, by 
which it can be made to ride upon them. Now, suppose it 
is known that, when the level is attached to an instrument 
whose axis is horizontal, the ends of its bubble (or, more 
properly, its centre, which can 
be known from the scale read- 
ings for its two ends) occupy a 
certain position, then, if the 
axis cease to be horizontal, it 
is evident that the bubble will 
occupy a different position, 
known by reading its scale, and 
the space through which the 
centre of the bubble has been moved measures the in- 
clination of the axis. The value of the scale divisions, 
that is, thp error of level corresponding to any number of 
such divisions, is previously found by some such method as 
attaching it to a graduated instrument placed with its circle 
vertical, and finding how many scale divisions correspond 
to a known space turned through by the circle; or by 
placing it on a frame called a level prover, whose plane can 
be altered in horizontality by a screw, the inclination of 
whose thread is known. In the proper use of the level, 
observations are always made with it in reversed positions, 
that is, the scale readings are taken for the ends of the 
bubble, and it is then turned round and placed in the re- 
versed position, and the scale is then read again. We cannot 
afford space to show how it is applied to ascertain the form 
and equality of size of the pivots of the instrument ; but 
the student who may wish for farther information may 
consult some of the works that treat more systematically of 
astronomical instruments. 

43. Imagine, now, that by this means the error of level is 
found to be m", the west end of the axis being higher by 
that quantity; so that for any star the correction will be 
additive, the telescope being tilted too far east. It is plain 
that the angular deviation of the line of collimation axis from 
the meridian will become greater as the object is higher 
above the horizon, being nothing at the horizon and greatest 
at the zenith. It will, in fact, vary as the cosine of the 
zenith distance ; and, since the star move^ tclcs^^ ^vs^V^ css'st 
this Bpace in approaching t\ie ^oVe^ m Yta^Q^^s>fsv \si ^^'^ 
reciprocal of the sine of Noxtk "eoVor ^Aa\asie.^>\>^ x^-^assscsa^ 
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in the same manner as for the error of collimation, it is plain 
that the correction to the time of transit will be 

m'xcos. Zenith dist. 
16 sin. North Polar dist. 

44. Our instrument is now, when corrections have been 
applied for these two errors, reduced to the same state with 
regard to accuracy as if its line of collimation axis always 
described a great circle of the heavens passing through the 
zenith. It will also be observed that the means are purely 
mechanical by which this has been effected, no reference 
being made to the heavens in obtaining the errors ; but, since 
the position of the meridian is only known by its being the 
plane at which the stars generally culminate, or at which 
they come to their highest or lowest point, it is plain that, in 
determining the position of the optical axis of the telescope 
with regard to the meridian, we must have recourse to them. 
Now, there is a bright star near the pole (Polaris) which 
everybody knows — the large star, in fact, of the constellation 

Ursa Minor — ^which serves admirably 
for this purpose ; and we will show how 
observations of it are made to determine 
the deviation of the telescope from the 
meridian. 

45. Let A M N B represent the small 
circle described by the pole-star on any 
day round the pole ; z the zenith of 
the place of observation ; and z a p b 
a portion of the intersection of the 
meridian with the sphere of the hea- 
vens ; z M N, a portion of the projec- 
tion of the plane swept out by the 
central wire of the telescope (the 
errors of collimation and level being 
allowed for or got rid of). Draw the 
arcs p M and p n. Then the star, pro- 
ceeding in its diurnal course in the 
direction of the arrow-point in the 
figure, culminates at a, and is on the 
meridian below the pole at b, but it is 
observed by the telescope at m above 
the pole and at n below. Hence, in culminating, it will 
^oo late by the time taken in desciiYjmg VSdl^ «i<i k ^, 
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and below the pole it will pass too early by the time taken 
in describing the arc b n. Now, suppose the deviation of 
the telescope from the meridian to be^', then the effect of 
this deviation is nothing at the zenith and has its greatest 
value at the horizon, and, by reasoning similar to that for 
the error of level, it is evident that the effect on the transit 
of a star will be, in seconds of time, 

* 

p' X sin. Zenith dist. 



15 X sin. North Polar dist. 



Hence, if z and z' be the zenith distances of Polaris above 
and below the pole, the time of describing the arcs a m and 
B M will be 

sin. z _ sin. zf . , 

P X :rz—, — T,.. -D T. andj? X zrz—. — ^^ ^ ,OTpa&pb, 
15 sm. N. P. D. 15 sm. N. P. D. 

where a and h are the computed values of the preceding 
multipliers of p. If, then, t and if be the observed times of 
transit of Polaris above and below pole, the times corrected 
to the meridian will he t — pa and t! -{- p b, and it is plain 
that the difference of these times is accurately twelve hours. 

Hence, if + p b — {t — p a) = 12^ 

12h.— f + t 

a -{• 

46. If two consecutive transits of Polaris cannot be ob- 
served, the error can be obtained by comparing the times 
of transit of it and some well-known south star, passing the 
meridian nearly at the same time, with their tabular right 
ascensions given in the Nautical Almanac, each transit being 
affected with an error calculable as those above given ; but 
the above method does not require the right ascension of 
Polaris to be known, though it requires the change of b a in 
twelve hours and tiie rate of the clock. 

47. The following diagram represents a transit instrument 
mounted on its piers; and its use is, when it has been 
corrected for the errors above explained, to determine the 
exact time by the clock at which any celestial object passes 
the meridian. In its description we have>^^T\2k»^<^^x'«t^«c 
passed the limits prescribed in. a "^oip^oXai \x^^\5siAk % "^"^ ^^«. 
have thought it above all thixiga de^vraU^ Vi VS^-^^ "^^ ^«««K>a- 
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possessed of a small degree of mathematical knowledge an 
opportunity of learning, in its simplest form, the nature of 
this fundamentally important instrument, and the way in 
which it is cleared of its errors, and made to perform the 
work which it has to do, according to the practice of the 
best observatories. 

48. The clock time at which any star passes the meridian 
can thus be found with perfect accuracy, and the instrument 




can then be used for determining the right ascension of all 
objects whatever, by means of their clock times of transit, 
in the following manner: — ^In the Nautical Almanac are 
given the places of nearly 150 stars, the greater number of 
which have been determined by observations kept up un- 
remittingly during the greater part of a century. The tabular 
J7£ht ascensiOBB of several of these stars observed on any 
m^ht are compared with their times oi lrMi«v\. o^et \5^ft 
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meridian, and each comparison gives what is technically 
called a clock error; these clock errors again, hy comparison 
on different nights, give the clock rate, or its gain or loss 
in 24 hours ; and, finally, the clock errors and rates thus 
found heing applied to the observed times of transit of all 
the objects observed, their right ascensions are found, 
referred to the same fundamental point as that used in the 
formation of the '^ Nautical Almanac" list of stars, and 
therefore subject to the error of the assumed place of the 
equinox in that list. It has been previously mentioned that 
right ascensions are measured from the point of intersection 
of the ecliptic with the equator, and of course, for a deter- 
mination of this point, a knowledge of the solar motion is 
indispensable. Maskelyne's method was to assume pro- 
visionally the right ascension of the star a Aquilse, and 
with this star to compare the Sun and every other object 
which he had occasion to observe. He also observed, for 
some time before and after the vernal and autumnal equinox, 
the North Polar distances of the Sun ; and, knowing the 
value •of the obliquity of the ecliptic (that is, the inclination 
of the equator to the ecliptic) with sufficient accuracy, he 
computed the Sun^s rigbt ascension from the observed 
values. These right ascensions compared with the observed 
right ascensions gave the error which had been committed 
in the assumed right ascension of a Aquilse, and afforded 
means for referring all the objects to the correct place of 
the equinox. In the present state of astronomy, the same 
principle is followed, the chief difference being that the 
assumed right ascensions of several standard stars are em- 
ployed instead of one. 

49. We are thus able to find one of the co-ordinates neces- 
sary for determining the position of a body in the heavens, 
as referred to the equator ; and we must now describe the 
means used for determining the other co-ordinate, that is, 
the North Polar distance. 

50. In modem English observatories this is accomplished 
either by a distinct instrument, called the Mural Circle, or 
Meridian Circle, of which the telescope, which is parallel to 
the plane of the circle, moves in the plane of the meridian ; 
or, still more recently, by the circle attached to an instru- 
ment called the Transit Circle, which combines the properties 
both of the Transit Instrument and the Mural GYt^<6. ^^^i* 
the mode of use of the circle m 'bot\x c%»ei^ \^ \a^ ^J^ss^Ck'^ ^ 
respects the same, it will be au^cieiiX. Vo xeXssoi. Vax^ *^^^ 
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account of the Mnral Circle "which waa given in the first 
edition of thiB book. This instrument, then, consists chiefly 
of a large circle of brass or other metal, moving in the plane 
of tbe meridian, streugthened hy several stout spokes or 
radii, and in general shape resembling a 'wheel. At its 
centre it carries a conical asis at right angles to its plane, 
famished (nest to the circle) with a large steel cylindric^ 
collar, of aboat six inches in diameter, intended for the 




beating of the matrnment This ana is inserted into a 
hollow cone, earned on a plate sank into the east or ueet 
side of the pier built for tbe purpoae of carrjmg the tirole, 
and provided with a metal Y support for the steel bearing 
of the asas, and with tlie means for securing the circle m its 
proper position for use A telescope furnished with a conical 
axia, which cDablos it to revohe freely if nocetaarY ia 
Becureiy fastened to tbe nm of the cuiiVe at, o^^av\a «i 
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tremities of a diameter; and it is usual, for the purpose of 
getting rid of constant sources of error arising from faults in 
the form or graduations of the circle, to shift occasionally 
its position on the circle. The telescope carries a frame of 
several vertical wires in the principal focus (generally five), 
of which the middle wire is very nearly in the meridian, 
and is also furnished with a horizontal wire movable by a 
micrometer. It may be proper in this place to explain that 
a wire micrometer is an apparatus attached to almost all 
telescopes used for measuring angular space, consisting of 
one or more wires stretched across a frame sliding in a box, 
and carried in a direction at right angles to their length 
by means of the antagonistic action of a screw and a spiral 
spring. The screw carries a head, divided generally into 
pixty or one hundred parts, and an index is fixed beneath 
this head to some part of the frame or covering of the mi- 
crometer, for reading the results. When such a micrometer 
is attached to a telescope, the value in angular space of one 
revolution of the screw, that is, the angular space through 
which the wire is carried by turning the screw once round, 
may be found by measuring with it the distance between 
two known stars, or, if the telescope be fixed to a mural 
circle, by laying the vrire by means of the screw of the 
micrometer upon a distant object, and then finding how 
much the circle is turned round in bringing the wire again 
upon the same object after the screw has been turned through 
a known number of revolutions. 

51. Into the cylindrical rim of the circle, at right angles to 
its plane, is inserted a band of silver or platinum, and the 
accurate division of this band is the severest test of the skill 
and care of the artist. It is usually divided into spaces of 
five minutes of arc, and the whole degrees are marked round 
the circle, and the spaces of 15', 30', and 45' carefully 
distinguished, to insure facility and accuracy of reading. 
Opposite to this divided band, and fixed firmly to the stone 
pier, are placed at sensibly equal distances six microscopes, 
furnished with wire micrometers of the construction described 
above, the heads being generally divided into sixty equal 
parts, and so adjusted that five turns of the screw carry the 
wire-cross very nearly from one division of the circle to 
another (that is, through five minutes of angular space^^ ftjasi^ 
therefore that one division of the micT0T[Ye^*et-^l"ei^"^<i.Q>^ct:^'«^^<2^'c^'s. 
to a second of space. The reader Viiii o\i%ctN^ >[jEia5^ S^^^te^ 'k^^^ 
three pairs of reading microscopes stoisA*^^ ^^» e^^^'"^^;^^^'^ 

o 
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diameters of the circle 60° apart. Now, theoretically, if the 
circle were of perfect form, and perfectly centered and gra- 
duated, one reading microscope would be sufficient, but, from 
necessary imperfections of workmanship, these conditions 
cannot be fulfilled, and the reading of the six microscopes 
will, in a great measure, get rid of any important errors 
arising from any one of these causes, if the instrument be 
moderately well constructed. We will confine ourselves to 
briefly explaining the effect of two opposite microscopes in 
getting rid of the effect of eccentricity, or false centering. 

52. A and b repre- 
sent opposite micro- 
scopes for reading 
the circle drawn in 
the diagram. The 
centre of the circle is 
c, but it tumsround a 
false centre d. Now, 
imagine the circle to 
be used for mea- 
suring the angular 
distance between two 
stars as they pass 
the meridian, or the 
difference of their polar distances (which is the primary use 
of the mural circle). Let a d d' represent the angle to be 
measured, and draw doe parallel to d' d e' ; then the circle, 
turning round d , will revolve through the angle kd j> for 
the observation of the second star, and the division at d' will 
be under the microscope a, and the division e' under the 
microscope b ; but, if the circle had revolved round its true 
centre o, the divisions at d and e would have been under the 
microscopes. Hence, microscope a would measure the angle 
in defect by the arc d d', and microscope b would measure it 
in excess by b b', equal to d d'. If, therefore, the means of 
the readings of a and b be used instead of the single readings 
of either, the resulting angle will be correctly measured, not- 
withstanding the eccentricity. 

68. Mr. Pond, the Astronomer Boyal preceding Mr. Airy, 
made many of his first observations by the use of two micro- 
scopes; but it is evident that by using additional pairs, 
distributed round the circle, much greater security is given 
ioT the general accuracy of the resijdts, and ettoT^ oi i».\jifc^ 
division and imperfect form of the circVe v^VW. \>^ m ^ ^^^ 
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degree got rid of; in the ordinary use of the circle, therefore, 
the six microscopes are always read for every observation. 

54. We have said that the moral circle measures only 
differences of angular space, that is, we have a reading of the 
circle for one object and a reading for another object, and 
the difference of readings is accurately the difference of their 
polar distances; but, if one of these objects were exactly 
in the pole or exactly in the zenith, the difference would 
be then the polar distance or zenith distance of the other 
object. 

65. Now, theoretically, a polar point could be obtained 
(that is, the reading of the circle for an object at the pole) by 
observing a circumpolar star at its upper and lower passages 
across the meridian, and then, after properly correcting the 
results for refraction (which we mention by anticipation), 
taking the mean of the results ; but this method would prove 
troublesome in practice, from the difficulty of obtaining a 
sufficient number of observations of the same star above and 
below the pole, in addition to the objection arising from the 
combination of observations made at an interval of time 
during which some change might have taken place. A much 
better method, and that usually practised, is to observe the 
angular distance between a star and its image reflected in a 
trough of mercury, since half the difference of the two read- 
ings gives at once the altitude, and half the sum gives the 
reading for an object in the horizon, whence it is easy to get 
the reading for an object in the zenith, or, speaking techoi- 
cally, the "zenith point." By observing several stars in 
this way, on the same evening, the zenith point can be ob- 
tained with all desirable accuracy; and hence the zenith 
distances for all other objects are obtained directly from the 
circle readings. By a skilful observer, the direct and the 
reflexion observations can be made perfectly well at the 
same transit of a star, in the following manner : — ^A list is 
prepared of the circle readings of a certain number of stars 
that can be conveniently or accurately observed by reflexion. 
A few minutes before the time of transit, the circle is turned 
till the telescope is in the proper direction to receive the 
reflected rays, and the mercury trough is also properly ar- 
ranged. The observer then, after reading the six microscope 
micrometers, ascends the stage of the circle, and, N^K^^s^% 
the reflected image of the star, biBecV^ \\» \i^ ^iJn"^ ^\sl^ oaxrvfo^ 
by the telescope micrometer, wlaen, \>7 Wie^ ^xyrsx-aS. "s^^^*^'^^! ■ 
is brought nearly to the central vextic«»\. ^Sx^. '^"^'^"^^ x^ysceas^^ 
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rapidly down from the stage, he unclamps the circle, and 
turns it till the direct rays from the star are received into 
the telescope, when the circle is again clamped, and the 
star brought upon the wire by the slow motion screw of the 
clamp. The six microscopes are then read again, as well as 
the telescope micrometer, when the observation is complete, 
This excellent mode of using the mural circle was first used 
by Mr. Airy, when director of the Observatory of Cambridge. 
Another method of obtaining the value of the zenith point, 
now greatly practised, is by the use of what is called 
Bohnenberger*s eye-piece ; tiiat is, of an eye-piece with 
three lenses, furnished with a reflector either of perforated 
metal or of glass for illuminating the field of view. By this 
eye -piece, when the telescope is placed vertically with ita 
object-glass downwards, a distinct view is obtained of the 
micrometer wire, and of its image reflected from a trough of 
mercury placed beneath the telescope ; and, by the micro- 
meter readings corresponding to the coincidences of the two 
images, together with the readings of the microscope micro- 
meters, the nadir point — that ia, the point opposite to thei 
zenith — is obtained. 

66. Though we are rather anticipating, it is necessary to 
remind the student that, on account of the refraction which 
the rays from any heavenly body suffer in passing through 
our atmosphere, the readings of the barometer and ther- 
mometer are necess£^ for the reduction of every observation 
made with the mural circle, since the amount of this correc- 
tion depends upon the density and temperature of the air. 
We shall discuss this more completely in the next chapter. 
However, by the foregoing explanation the reader will 
understand that the apparent zenith distance of any heavenly 
body can be accurately observed, and he must take for 
granted for the present that the tme zenith distance can 
be deduced from this by application of the refraction. It 
then only remains for us to show how from these results 
of zenith distance the latitude of the place of observation 
can be determined, and the polar distances of the objects 
deduced. 

67. Let E p z Q o represent a projection of the meridian ; 
p the pole of the heavens ; z the zenith ; e q the equator ; 
and H o the horizon ; z c being at right angles to h o, and 
p to E Q. Then it is evident that z q or its equal p h is 

tJbeJatltude of the piace of observation. Bu\, y b. \^\Xiei «X\.\\?QAft 
of the pole above the horizon. Hence vje \ia.N^ \>ci\"a ^e\i«tvji 
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rule, tJie altitvde of the pole is equal to the latitude of the place 
of observation, 

58. Also z p, the arc included between the zenith and the 
pole, is the comple- 
ment of the latitude, 
or the co-latitude, 

69. Now let s ^ 
be the small circle 
described by Polaris, 
or other circumpolar 
star, transiting the 
meridian at s and s'. 
Then in the course 
of the year a con- 
siderable number of 
observations of the 
zenith distances z s 
and z s' may be made 
with the mural cir- 
cle, and hence it is plain that z p, the co-latitude of the 
observatory, which is half the sum of z s and z s', will be 
determined. When this is once determined the observed 
meridian zenith distances can be converted into polar dis- 
tances by its application, since if s s' be the path of any other 
body, ps = zp + zs. 

60. For a fall description of Troughton's Transit Instru- 
ment and Mural Circle, which were for many years used with 
80 much success at the Royal Observatory of Greenwich, as 
well as for a description and engraving of the great transit 
circle which has superseded them, the author begs to refer to 
an article on ** Observatories," written by him for ** Weale's 
London and its Vicinity Exhibited in 1851." In this article 
he will also find descriptions of every class of instruments 
used in the most celebrated English observatories, both public 
and private. 

60*. Before leaving the subject of the Mural Circle, it will 
be well to add a few words on the use of the Transit Circle, 
which has now generally superseded it. It combines the 
use, as has been hinted at before, of a transit instrument and 
mural circle, as the main portion of the instrument is really 
a transit instrument, and consists of a trwaaVl V'^^'^s.^'^-V^ 
placed in the plane of the meiiAiaTi, «utl^ Vx5lTO\xi% o^ "bv.^^"^- 
zontal axis, but with the aaLaoiioii oi V-^c* eo^^^ ^^ 
symmetrical circles attached to*t\ie «x\% oti e^^ ^"^"^^ 
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central cube. One of these circles is read by four or six 
microscopes, as in the case of the mural circle, and the other 
is used for setting the instrument, or for clamping it fast. 
From its construction, it does not admit of easy reversion 
for the purpose of determining the error of collimation, and 
this operation is effected by means of two collimating tele- 
scopes, one north and the other south of the main telescope, 
and with their axes as nearly as possible in the meridian, 
or coincident with the axis of the telescope of the transit 
circle. This instrument also does not admit of the easy ap- 
plication of the spirit-level, and the error of level is found 
by the use of Bohnenberger's eye-piece before mentioned, by 
observing the reading of the transit telescope -micrometer for 
the coincidence of the direct and reflected images of the cen- 
tral transit wire, and comparing this reading with that for the 
line of collimation. 

61. The above instruments, viz., the transit instrument 
J and the mural circle or transit circle, are the only meridian 

A instruments generally used, but we must not omit in this 

il place a passing mention of the altitude and azimuth instru- 

ji ment, since an instrument of this class has been erected at 

!i Greenwich by Mr. Airy, which by its solidity and firmness 

ti has produced a series of observations of the moon rivalling 

I those made with the meridian instruments in excellence, and 

^1 supplying observations for a portion of the orbit of the moon, 

near her conjunctions with the sun, which could be got by 
I no other means. 

I 62. This instrument consists in its simplest form of a frame 

) revolving on a vertical axis, with which is connected a fixed 

I horizontal circle, graduated like the mural circle. The frame 

carries Y bearings, for the axis of a telescope included be- 
I' tween two vertical circles, one of which is also graduated, 

i: and the telescope revolves on its pivots like a transit instru- 

ment. Each circle is read by microscope micrometers 
♦: (generally four in number, situated at equal distances round 

ij the circles), and in the principal focus of the telescope is 

Jl fixed a frame carrying six vertical and six horizontal wires. 

;! Observations of azimuth and of altitude of a body are made 

,! separately in reversed positions of the vertical circles, by 

i clamping separately the vertical and horizontal circles, taking 

the transit of the object as it passes obliquely through the 
field, over the vertical or the horizontal wires, and reading 
iha microscopes of the horizontal or the verticai caxcI^, ^<5.- 
cordingly as azimuth or altitude is t\ie e\emeii\. o\i«»et:N^^. 
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For determining the deviation from verticaJity of the vertical 
axis of the instrument, and the deviation from horizontality 
of the horizontal axis of the vertical circle, the instrument is 
provided with spirit-levels attached to its revolving frame, 
respectively parallel to the vertical circle and the horizontal 
axis. We have not space, nor is it very important for our 
object, to describe minutely the manipulations and adjust- 
ments of this instrument, but for a minute description of that 
at Greenwich, we must refer to the article above mentioned. 
63. Another instrument which we feel it necessary to de- 
scribe is the Equatorial Instrument, which plays an important 
part in modem astronomy. There are some objects, such as 
comets and the recently discovered small planets, for which 
a sufficient number of observations cannot be obtained on 
the meridian, but which can be observed for a considerable 
period of time by an instrument capable of following them to 
other parts of the heavens, before or after their meridian 
passage. Such an instrument is the equatorial, which we 
now proceed to describe. Its general construction is similar 
to that of the altitude and azimuth circle, with this important 
difference, that its principal axis of revolution is parallel to 
the earth* s a^vis, instead of being vertical. The pivots at the 
extremities of the axis have their bearings on stone piers 
built for them, the upper pivot resting in a Y, and the 
lower one working in a socket or hemispherical cup of metal. 
In that class of instruments most frequent in England (such 
as the Shuckburgh equatorial at Greenwich, made by Rams- 
den, to which the following description chiefly refers, as well 
as the large equatorial since erected at that observatory), 
the telescope is in the plane of the polar axis, and is carried 
by a strong frame-work of bars of metal connected with 
parallel circular plates, which carry the upper and lower 
pivots. This frame carries the telescope, firmly fixed be- 
tween two circles (one of which, called the declination circle, 
is graduated, and the other is used for clamping) by means of 
a cross axis (called the declination a^), terminating in 
polished cylindrical pivots ; and the telescope, together with 
the declination circle, is thus capable of revolving freely in 
planes passing through the poles, that is, in meridian planes. 
A graduated circle, frequently fixed to the pier, carrying the 
bearing of the lower part of the polar axis, serves to measure 
the hour angle, that is, the angle madeb^ l\i<^\£i(Ktv^^ca."<^^»s^s^ 
with that circle of declination on >N\i\ODL \5cL"b \i<2>^ ^a» "^'^'9 
observed, and the telescope carrier «b itwsxia oi SiSA^ -^5\:t<^ 

i 
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parallel to the declination circle, and one or more wires, 
moved by micrometers, at right angles to them, or parallel 
to the equator. If the hour circle reads nearly 0** 0™ 0^, 
when the object observed is on the meridian, then the dif- 
ference between the sidereal time (that is, the clock-time 
corrected for the clock error obtained by comparison with the 
transit-clock) and the reading of the hour circle, gives the 
right ascension of the object observed, subject to the index 
error of the hour circle, which must be obtained by observa- 
tions of known stars, and the errors arising from the faults 
of adjustment of the instrument. Hence it is evident that if 
a star be once in the field of view of the telescope, and the 
telescope be clamped, it may be kept in the field by simply 
turning the polar frame round the axis with a velocity equal 
to the earth's diurnal rotation, for the telescope itself will 
sweep out a conical surface, which, when produced, wiU 
meet the sphere of the heavens in the diurnal circle described 
by the star. The greater number of good equatorials are now 
provided with machinery driven by clock-work for giving 
this motion; and by these means any measures can be 
made of objects within the field of view, or any examina- 
tion instituted, in the same manner as if the objects were 
at rest. 

64. It is necessary, for the complete adjustment of the 
equatorial instrument, first, that its polar axis be parallel to 
the earth's axis of rotation — ^that is, that its elevation be 
equal to the latitude of the place (57), and that it do not 
deviate in azimuth to the east or west; secondly, that its 
declination axis be at right angles to the polar axis ; and, 
thirdly, that the line of collimation of the telescope be at 
right angles to the declination axis. For the first adjust- 
ment, the Y carrying the upper pivot is fixed in a plate 
admitting of two motions, one in the meridian and one at 
right angles to it ; and the amount of correction is found by 
observations of stars near the meridian, above and below 
the pole, and of other stars about six hours before they pass 
the meridian, and six hours after. The observations in or 
near the meridian determine the error of. elevation of the 
polar axis, and the six-hour observations the error of 
azimuth ; all the observations being made in reversed posi- 
tions of the declination circle. The error of collimation is 
found by observing in right ascension an equatorial star in 
reversed positions of the instrument, that is, by taking the 
time of transit over the wires and reading l\ie "koxtt <i\x«\^ 
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(since, for objects on the equator, the effect of a small error 
of position of the declination axis produces no error in the 
time of transit) ; and, finally, the joint effect of error of 
eollimation and of position of declination axis will be found 
by observing, in reversed positions of the instrument, a star 
not very far from the pole. The carriers of the pivots of 
the declination axis are provided with screw-adjustments for 
rectification of the axis ; and the error of eollimation must 
be got rid of by shifting the position of the wire frame, by 
means of screw- adjustments with which it is provided. 

65. The proper use of an equatorial is to observe differm- 
tidily such objects as cannot be observed sufficiently on the 
meridian, by selecting some star for comparison conveniently 
situated, and comparing the position of the two objects ; 
that is, by obtaining the differences of their right ascensions 
by their observed times of transit over the wires, and their 
differences of polar distance by observing each object on the 
micrometer wire. Even when the instrument is thus used, 
such observations are generally inferior to those made with 
the meridian instruments, on account of its want of symmetry 
and firmness. 

66. Another instrument necessary to be described is the 
Zenith Sector, or instrument for measuring small angular 
distances from the zenith with great accuracy. This consists 
of a frame revolving on a vertical axis, and carrying a 
telescope moving in the plane of the Lame on an axis per- 
pendicular to the plane. A graduated circular band, whose 
centre is the centre of motion of the telescope, is attached 
to the frame, and is read by a micrometer microscope mov- 
ing with the telescope. For determining the inclination of 
the axis of rotation of the frame to the vertical, two methods 
may be adopted : that is, it may be done by means of a 
plumb-line, or of spirit-levels. The first method is that 
which was used in all the old zenith sectors, and in par- 
ticular with the celebrated sector used by Bradley. The 
second method is that employed by Mr. Airy, in the sector 
constructed under his direction for the great English survey. 
Another ingenious construction has been devised by Mr. 
Airy, and is applied to the sector actually used at Green- 
wich at the present time. An object-glass, with a micro- 
meter attached to the frame that carries it, is fixed tcs ^ 
tube placed vertically over a tiOTV^ cA xjiBtcvxr^ -^w^^^*^ 
distant fiom the object-glass by \ia\i \\.^ io^j.^X^t^^j^-* ^^^\^ 

capable of rapid and easy reversion. 1\ie x^"^^ Vtorsa. "»» ^ 

c a 
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then, which tend to form an image at the actual focus of the 
object-glass, are reflected from the mercury, and form an 
image just above the object-glass ; this image is viewed 
through an eye -piece placed properly to receive it. The 
star is observed in reversed positions on two wires carried 
by the micrometer, and the inclination of the tube is 
measured by a spirit-level placed in the direction of the 
meridian, though the instrument is so constructed that a 
small error of level produces scarcely any effect on the 
zenith distance. 

66*. This chapter on instruments would not be complete 
without a passing mention of an important use made of the 
transit instrument in recent times, by placing it at right 
angles to its usual position, that is, with its telescope in a 
plane at right angles to the meridian (called the prime 
vertical) f and its horizontal axis in the plane of the meridian. 
By observing the transits of stars not very far from the 
zenith as they pass the prime vertical on the east side and 
on the west, it is plain that we shall have data for deter- 
mining the star's hour angle, and consequently, if its North 
Polar Distance be known, the colatitude of the place of 

observation. Thus, in the 
Ji figure, let p and z repre- 
sent the pole and the ze- 
nith, p z the projection of 
the colatitude, and a zh 
that of the prime verti- 
cal ; p s, or p s', the 
N. P. D. of a star transit- 
ing the prime vertical at 
s and s'. Then the angle 
B p s' (expressed in time) will be the difference of the ob- 
served times of transit, and the half of this difference will 
be the hour angle, or angle s p z, which is therefore known ; 
and, the North Polar Distance of the star, or s p, being 
also known, we can readily find z p, or the colatitude, by 
solution of the spherical triangle s p z. This is only a 
very imperfect sketch of this method of finding the colatitude 
of an observatory, which needs much refinement in carry- 
ing it out, when great accuracy is required. It is absolutely 
the best existing method, and many modem observatories 
are furnished for this purpose with a transit instrument in 
the prime vertical. 
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CHAPTER m. 



ON BEFBAOTION, PABALLAX, ABEBBATION, PBEGESSION, 

AND NUTATION. 

67. If every object in the heavens were really in the 
position in which it appears to be, and if the points of 
reference were also fixed and permanent, the business of 
the astronomer would be comparatively easy ; but the fact 
is the very reverse of this. 

68. The objects themselves will appear differently situated 
to observers on different parts of the earth's surface from 
two distinct causes, the one being that the rays by which 
they are seen are bent out of a straight line in their passage 
through the different strata of the atmosphere, and the other 
being the spheroidal figure of the earth. The first effect is 
common to all the heavenly bodies, and is called refraction ; 
the second affects sensibly the positions only of those bodies 
whose distances are not immeasurably greater than the 
diameter of the earth, such as the Sun, Moon, Planets, and 
Comets. The fixed stars are all placed at distances so vast, 
that the displacement from this cause is absolutely in- 
sensible ; and even that produced by the motion of the 
earth id its orbit, which produces for measurement a base of 
pretty nearly two hundred millions of miles, is also insen 
sible, except in a very few instances, which we shall speak 
of hereafter. 

69. Again, the two points of reference for determining 
the positions of the heavenly bodies, viz., the pole and the 
intersection of the ecliptic and the equator, are not fixed. 
The pole of the heavens, besides having a slow motion, by 
which it is carried always in the same dir^c.l\syDk.^ ^<5k ^^ Nk^ 
describe round the pole of the eeVr^Xivc ^ ^tcisU^ cvxOva \s^*v^^ 

sphere in about 25,868 years, la %\ao ^«\.\a\>^5^^s:^^^^^ 
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by the action of the sun and moon on the spheroidal earth ; 
BO that it does not describe this path quite uniformly, or in 

an exact circle, but traces out in the 
heavens a kind of zigzag line, simi- 
lar to that given in the figure, and 
by this means gives occasion for 
. troublesome corrections to be ap- 
j plied to the places of every object 
observed. 

70. Lastly, there is a displace- 
ment of all the heavenly bodies, 
arising from a cause totally different 
from the former, that is, from the velocity of light combined 
with the orbital motion of the earth. This displacement w&a 
first detected by the illustrious Bradley, by means of a long 
and excellent series of observed zenith distances of y Draconis, 
a star of nearly the third magnitude, passing the meridian of 
Greenwich within 2' of zenith distance, and of which the 
observations are, therefore, independent of refraction, which 
produces great uncertainties in the observations of all objects 
whose zenith distances are considerable. 

71. Now, before an observation can be rendered available 
for the ulterior objects of astronomical science, it is necessary 
that it be corrected for all the causes of displacement which 
have been mentioned; and therefore, in this stage of our 
work, it will be necessary to give such explanations of them 
all, and of the methods of computation by which they are 
allowed for, as our plan will admit of. 

We commence with Eefraction. 

72. Our readers, we v^ill presume, are in some degree 
acquainted with the science of optics, or at least they are 
BO far acquainted with it as to be aware that a ray of light, 
in proceeding out of a rarer into a denser medium, — ^from 
air into water, for example, — ^is bent out of its course in such 
a way as to make a smaller angle with the perpendicular to 
the surface separating the two media. The familiar expe- 
riment of partially immersing a straight stick in a basin of 
water will be immediately suggested to the memory of our 
younger readers : the stick no longer appears straight, but 
broken at the surface of the water, so that the part below 
the water appears higher than it really is. The law of 
optical refraction is this, that for the same media the sine of 
the angle of incidence is always proportional to the sine of 

^e angle of re^nction. 
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73. Now, the earth is enveloped by an atmosphere extend- 
ing several miles in height, and of sufficient density to bend 
out of their course the rays of light proceeding from the 
stars and planets, which are incident obliquely on its surface. 
At the zenith the rays fall perpendicularly on the surface, 
and suffer no refraction ; but for every other direction they 
are bent or refracted, and the more so as they come from a 
point further from the zenith or nearer to the horizon. Any 
uncertainty in the amount of this refraction will vitiate an 
observation of any heavenly body to that amount ; and 
therefore great pains have been taken by various eminent 
astronomers, not only to discover the laws by which the 
refraction is regulated, but, by observations made for the 
purpose, to discover its exact quantity, and, finally, by means 
of tables, to render the amount in every given case easily 
calculable. We will proceed, then, to show the nature of 
the hypotheses on which the formula for the construction of 
these tables are based. 

74. If the atmosphere were of uniform density, and if the 
density were always the same at the same place, the law of 
sines given above for optical refraction would be immediately 
applicable ; and there would be no difficulty in devising a 
formula to represent numerically the exact value of the re- 
fraction in every case. But the density is, in the first place, 
not uniform; the strata nearest the earth being heaviest, 
and those at the boundary of the atmosphere of extreme 
tenuity. Again, the d^isity varies according to the tem- 
perature, and according to the height of the mercury in the 
barometer ; and the refraction will therefore depend upon 
these elements, as well as upon the zenith distance. It is 
usual, then, to calculate what the refraction will be for some 
standard readings of the barometer and thermometer ; and 
then, by means of the known laws of aeriform fluids, to cal- 
culate how it will be altered, or by what factors it must be 
multiplied to represent the actual refraction at the time of 
observation. The standard height of the barometer chosen 

'in English tables is 29*6 in., and the standard temperature 
50^ of Fahrenheit's scale ; and for any other higher or lower * 
values, the refraction will vary according to the direct pro- \ 
portion of the actual height of the barometer compared with 
the standard height, diminished or increased in the propor- 
tion by which the mercury in the barometer, ^ccA^X^'^n^^s^sssr^ 
of the air, have been increased ot d!y.mmY^"ei^ V3 \v\.^^5^ '^^ 

lower temperature. 
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76. Imagine now a ray of light to proceed from an object 
whose zenith distance is z ; that is, to be incident obliquely 
on the outer surface of the atmosphere, as is represented in 

the figure, wherein the inner 
circle represents the surface 
of the earth, and the outer 
circle the boundary of the 
atmosphere ; z is the zenith, 
and SAB the path of a ray 
coming straight from s to a, 
but bent into a continuous 
curve between a and b, till 
it reaches the eye of a spec- 
tator at B. The direction in 
which the object will be seen 
is determined by drawing 
the tangent b s' to the curve 
at b: and, as the convexity 
of the curve is turned to- 
wards the vertical, it is plain 
that the apparent place of 
the object will be above its 
true place, or the zenith dis- 
tance is diminished by rer 
fraction. Now, if the height of the atmosphere were not 
very small compared with the earth's radius, it would be an 
extremely difficult problem to determine the whole amount 
of refraction which the ray has undergone, but as the height 
is certainly not much above i Jo^ P^ ^^ *^® radius of the 
earth, and the effective height, as causing refraction, is much 
less than this, the supposition of a uniform density is almost 
sufficiently exact ; and, indeed, the general solution of the 
problem is in practice subjected to such approximate assump- 
tions, that the result is nearly identical. The result of the 
investigation is, that for small zenith distances, the refrac- 
tion varies as the tangent of the zenith distance ; and that, 
for the larger zenith distances, the refraction thus computed 
requires a correction varying as the cube of the tangent of 
zenith distance. In very great zenith distances still nearer 
approximations are necessary; and below 85° the amount 
becomes extremely precarious, on account of the unequally 
heated portions of the earth's surface that the ray meets 
with in its passage. 
76. For obtaining hy observation ttie ac\.\3La\ ^^Xw.^^ ol ^(^xft 
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nnmbers entering into the formula for refraction, circumpolar 
stars are very usefully employed, y Draconis, for instance, 
passes the meridian very near the meridian of Greenwich, 
and its refraction is scarcely sensible. If, then, the latitude 
of the Observatory be known, an observation of the mural 
circle above the pole, compared with one below the pole, will 
give the whole amount of the refraction for a zenith distance 
of about 76 ^^ ; and this observed value equated to the value 
given in the general formula, will give the value of the 
constant quantity that enters into it. Bradley employed 
the greatest and least zenith distances of the sun (that is, 
the zenith distances at the summer and winter solstices) foF 
obtaining data for the computation of his table of refractions^ 
The best modem tables of refraction are those given by 
Bessel in the TabulcB BegiomontancB, and they are exhibitedL 
in a much easier form for use in the Appendix to the Green- 
wich Observations for 1836. 

77. In connection with refraction, we may take the 
opportunity to make mention of the ordinary phenomenon 
of twilight. The sun is actually visible to us some minutes 
after he has really sunk beneath the horizon, by means of 
the refraction of the rays by which he is seen. But, after 
he has so far descended beneath the horizon that no rays 
directly reach us, a portion of his light still reaches us in a 
secondary way, after being reflected from the vapours of the 
different strata of the atmosphere, and from the minute solid 
particles of whatever kind which float within it. This 
reflexion, by which light is brought to us as the sun 
descends, takes place from still higher strata ; the light 
therefore gets more feeble, and finally ceases, or gives place 
to total darkness, when the sun is about 18° below the 
horizon. 

78. The apparent zenith distances, then, which have been 
observed with the mural circle, are corrected by the addition 
of the refractions, computed from tables, constructed on the 
principles above exhibited, and are thus converted into 
true zenith distances ; that is, to zenith distances as observed 
at the surface of the earth. The reader must, however, 
bear in mind that though the astronomer has thus availed 
himself of all the resources of science to get rid of the vexa- 
tious effects of the atmosphere in disturbing the places cs^ 
the heavenly bodies, yet, for objects at a coii^\<^«t^iX^fe 'l<s^^>So. 
distance, an uncertainty yet remams, ^e^eti^etA* c^i^^^ »!^^^ 

the varying state of local weatheT au^L Ci\ma.Vei, ^vsS^^^fi^"^ 
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prevent the attainment of very minute accuracy in single 
observations, or even in the means or averages of several 
observations of the same object. We shall see better the 
importance of this remark when we come to the more refined 
speculations of modem astronomy, respecting the distances 
of the fixed stars and other cosmical problems. 

79. In the ordinary processes of astronomy, however, we 
may assume that the stars are at such distances as, if not 
actually infinite, are incapable of measurement. We may also 
assume, without the risk of the smallest conceivable error, 
that rays drawn from any one of them to the centre and to 
any point of the earth's surface are absolutely coincident ; 
that is, we may assume that the observations have been made 
at the earth's centre, and referred to a plane parallel to the 
plane of the sensible horizon of the observer's position. By 
application, then, of the colatitude, the place of the star is 
correctly referred to the true pole, or the apparent polar 
distance is correctly derived, at whatever part of the earth's 
surface the observation was made. 

80. But, for objects whose distances are finite and measur* 
able, such as the sun, moon, and planets, this is not the ease: 
the polar distances then depend upon the observer's position, 
and, before they can be compared, they must be referred to 
some common point, which will, of course, be the centre of 
the earth. The nearer the object is, the greater will be the 
angle between lines drawn from it and the two points of 
observation on the earth's surface, or the greater the paral- 
lactic displacement. The consideration of parallax follows, 
therefore, naturally after that of refraction, and the laws by 
which it is calculated for the sun, moon, and planets must 
be now investigated. It is evident that the most conspi* 
cuous eff'ects of parallax will be exhibited in the moon, our 
nearest neighbour ; and this planet will therefore first claim 
our notice. Her average distance we shall find in the sequel 
to be about 60 radii of the earth, or, in rough numbers, 
nearly 240,000 miles. It is evident, therefore, that when 
she is in our horizon, the angle made by two lines drawn 
from her centre, one to the earth's centre, and the other to 
our position on the surface, will have for its tangent eV, or 
the parallactic an [fie, or horizontal parallax, as it is called, 
will be rather less than one degree. 

81. Thus, if A be an observer's position, o the centre of 
/J^e oarth, and M the moon, the angle a. m c is t\ie Viotiiotital 

parallax; and a certain portion of t\iis, easiXy c«Xcv]\«^\ft, ^si\ 
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amounting generally to a quantity varying from 80' to 60', 
according to the zenith distance, is the correction to be 
applied to de- 
duce the obser- 
vation from the 
surface to the 
centre of the 
earth ; that is, 
to deduce the 
Geocentric Ze- 
nith Distance from the True Zenith Distance^ 

82. We will now see how the amount of the lunar parallax 
is detected and measured. In the first place, it is evident 
that the farther separated two stations are with regard to 
latitude, the greater will be the apparent displacement of the 
moon's place with regard to the pole, or the greater the 
observed differences of polar distances. If, then, we have 
observations made in two observatories, the one situated in 
a high northern, and the other in a low southern latitude, 
those observations will be suitable for the purpose of mea- 
suring the parallax. It is also desirable that the observa- 
tories be situated nearly on the same meridian, since the 
moon, being a yery quickly moving body, will have changed 
her polar distance considerably in passing from one me- 
ridian to another widely separated ; and the reduction 
necessary on account of her orbital motion will not only 
be troublesome, but will be precarious also on account 
of the refined knowledge of her motions which it will pre- 
suppose. 

88. Now such observatories exist, the one at Greenwich, 
in north latitude 61^ 28' 88", and the other at the Cape of 
Good Hope, in south latitude 83^ 56', and east longitude 
1*^ 13"^ 55^ The change of moon's polar distance during the 
time of her passage from the meridian of the Cape to that 
of Greenwich, forming so small a part of her whole daily 
motion in polar distance, can be calculated with sufficient 
accuracy from very approximate elements of her orbit cor- 
rected by her observed daily motion ; and we may consider 
the comparative observations to be made at the same 
moment of absolute time on the same meridian — that oC 
Greenwich, for example. 

84. We will now proceed to show how such. o\^^^t^^i5gv's^^ 
determine the amount of lunar potaW^bTL, «sA is^rcL^'SiQ^^^^:^^ 
the moon's distance on wbicli it dei^eu^^. 
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Let, then, a and a' be two stations on the same meridian 
of the earth supposed to be spheroidal, whose centre is c ; 
M the moon. Draw the verticals a z and a' z' to the sur- 
faces at A and a', and Ap, a! p% parallel to the polar axis, 
pop'. Join A, a', and produce them to z and z\ Draw also 
AM, CM, and a' m. Then the ellipticity of the spheroidal 
earth being known (see Chapter U.), the angles z a, z, and 




z' a' z', called the angles of the vertical, which the verticals 
make with the lines joining the points of observation with 
the earth's centre, can be computed by the ordinary prin- 
ciples of the conic sections, and these being subtracted from 
the observed zenith distances z a m, and z' a' m, the angles 
« A M and z' a' m become known ; or, since ;s; a m = a o m 
+ A M o, and / a' M = a' M + a' M 0, the sum of a m a' 
and A a' becomes known. But a o a' is known from our 
knowledge of the earth's shape, and of the latitudes of the 
two stations. Hence we have the parallactic angle at m, or 
the sum of the parallaxes observed at a and a'. To deduce 
from this an expression for the lunar parallax, which shall 
be generally useful in correcting the individual observations, 
a little more consideration of the law which it follows will 
be necessary. Confining our attention to the Greenwich 
station, the parallax is represented by the angle a m o. Now 
the sine oi z a it ( = angular distance from Geocentric 
Zenith) : sine of a u o : : Moon's diatonce, q m ; ^ObStli'a 
radiuB at Greenwich, 
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Hence, 

sin. 2 A M X Earth's rad. at Greenwich, 
sin. A M c =; 



Moon's distance. 

Now if at the same time another observation were made 
at the equator when the moon was on the horizon, we should 
then have 

sin. of horizontal equatorial parallax = ^ — ' ^ ^" ' 

Moon's distance. 

Hence, by division, 

sin. A M Earth's rad. at Greenwich 

= ' X sin. « A M. 

sin. hor. eq. par. Earth's equatorial rad. 

Call then horizontal equatorial parallax = p, and 

Earth's radius at Greenwich , ,., 

Earth's equatorial radius = ""' ^ ^^^^ quantity. 

Then, sin. parallax = r sin. p x sin. z am. 

Let, now, p and p' be the parallaxes, which together make 

up the whole angle a m a' ; and z and z the corresponding 

reduced zenith distances ; then, 

sin. p = r sin. p X sin. z, and 

sin. y = / sin. p X sin. isf (/ being analogous to r, for 
the station at the Cape) ; also p + y ==i a m a' is a known 
quantity. 

From the above equations the moon's horizontal parallax 
for the distance o m can be calculated. Hence the distance 
o M itself can be calculated in terms of the earth's radius, 
and the shape of the orbit of the moon being supposed 
known, we can obtain her mean distance. 

85. For the sake of such of our readers as are not con- 
versant with mathematical symbols, we may observe that, 
in the quadrilateral figure, m a o A^ the sides a o and a o, 
as well as the angles at a, o, and a', are known ; and hence 
it is plain, by simple geometrical considerations, that the 
sides AM, M, and a m can be found. Thus, if a a' be joined, 
the angles o a a' and o a' a, as well as the chord a a', can 
be computed. Hence the angles m a a' and m a' a, as well 
as the side a a' in the triangle a m a', are known, and the 
sides A M and a' m can be computed. Finally, c m can be 
computed, or the moon's distance from the cexiAx^ <il '^^^ 
earth. 

66. Our readers will now better a^^^TeeimVe 'Osiaxxss.^^^'^^^^ 
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of those geodetical operations described in the preceding 
chapter, by which the earth's size and form have been accu- 
rately obtained in terms of an invariable measure of length. 
The base which has been used in this first instance of the 
extension of the measure to the heavenly bodies is, in fact, 
the chord a a', with the angles at its extremities. The base 
is small compared with the distance to be measured, and the 
triangle is not what would be called in geodesy a well- 
conditioned triangle. Still it is the best the circumstances 
admit of, and far better than we can get for the sun and 
planets, which are at immensely greater distances from us 
than the moon, and for which, therefore, the base for 
measurement is comparatively very much smaller. 

87. Even for the moon a slight inspection of the preceding 
figure will show that very small errors in the angles m a a', 
M a' a, and therefore in the observed zenith distances, will 
entail a large error in the distance c m ; but if, as in the 
case of the sun, the base a a' were, compared with the 
distance to be measured by means of the angles at its 
extremities, only 4 Joth part, it is plain that the unavoidable 
errors of observation and calculated refraction would bear 
so large a proportion to the angle A m a', that the result 
would be unattainable by this method. Now this is pre- 
cisely the case with regard to the sun, whose horizontal 
parallax is less than 9'^ and his mean distance from the 
earth about 92,000,000 miles. 

88. Other methods must therefore be employed in this 
case ; and it fortunately happens that there are two methods 
of observation, one of which can be frequently applied, and 
the other but very rarely, which have enabled astronomers 
to get a very close approximation to the value of the solar 
parallax. The applicability of both these methods depends 
upon the fact, that there is a law connecting the distances 
cf the planets from the sun with their times of revolution 
round that body, which enables us, after having found cor- 
rectly the parallax of any one of them, to infer all the rest. 
This law we shall enunciate afterwards ; but at present it 
is sufficient to say that advantage has been taken of it to 
make the observations of the next inferior and next superior 
planet to the earth, viz., Venus and Mars, subservient to the 
finding of the solar parallax. 

89. Venus revolves in an orbit smaller than the earth, and 
/o ^er revolutions round the sun sometiiaea, W\. ^et-j \wrely^ 

orossea the path of the earth in a direct \\iie\>ei\weeiL\\» wA 



PARALLAX. 45 

that luminary so as to appear like a black spot on his sur- 
face. Such ** transits of Venus," as they are called, occui-red 
in the years 1761 and 1769 ; and the next will occur about 
the years 1874 and 1882. Dr. Halley was the first astrono- 
mer who distinctly saw and appreciated the importance of 
the observations of the " transits '* in relation to the solar 
parallax ; and, in a paper read before the Boyal Society not 
very long before his death, he begged earnestly that every 
pains would be taken in equipping expeditions for the pur- 
pose of observing those which were soon to occur. For 
observing the transit of 1761, the British Government sent 
out Dr. Maskelyne to St. Helena, and Mr. Mason to the 
Cape of Good Hope, to make observations to correspond 
with those which would be made in Europe, in many parts 
of which continent it would be visible. The only northern 
country in which the transit of 1769 could be observed was 
part of Lapland; and after much deliberation as to the 
choice of a southern station, it was determined by the British 
Government to send out an expedition to the islands of the 
South Pacific Ocean, under Captain Cook. This celebrated 
navigator chose Otaheite for his station, and there the ob- 
servations were made successfully. 

90. The observations made at the two transits have been 
fully discussed by the celebrated German astronomer Encke, 
in a book especially devoted to the purpose. Our object 
at present will be merely to give a brief sketch of the prin- 
ciples of the methods employed in deducing the parallax of 
the sun from the observations. 



In the above figure, suppose a o d b to represent the disc 
of the sun at a time near the middle of the transit ; v the 
place of Venus, and t that of the earth. Draw lines through 
N and s, the northern and southern stations on the earth, 
through V, till they meet the sun's disc at e and f. Tk<^'^ 
the planet will appear to the obsetN^x^ ^\. ^ ^^^ "s^X^^ '^ 
black spot on the sun, at the i^om\.^i? «jxi^ ^ x«i^^'^^'^^^^ 
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- and the more widely separated the stations are with regard 
to geographical latitude, the larger will he the interval b and 
F, and the greater the difference of the chords a b, o d, 
described by the planet in its transit across the disc. As 
the student has not yet been introduced to a knowledge of 
the motions of the planets, nothing but a bare outline of 
the problem can be rendered intelligible ; but enough can 
be shown to exhibit the principle of the method. The 
earth and Venus both revolve in the same direction round 
the sun in planes inclined to each other at a small angle, 
the velocity of Yenus being greater than that of the earth. 
The times of revolution of the planets are also connected 
with their mean distances by a very simple law, so that the 
times being obtained by observation, the proportions of 
their distances can be inferred. At the time of a transit 
of Venus, the planet must either, in descending beneath 
the ecliptic, or in ascending above it, meet it in a point 
which is in a direct line with the earth and the sun ; that 
is, technically speaking, it must be in its node when in 
conjunction with the sun ; and this is the condition for 
determining whether a transit will take place. Let the 
earth be moving in the direction t t, and the planet in the 
direction v y v', and suppose, for simplicity, that the plane 
passing through the two observing stations, n and s, and the 
earth's centre, is perpendicular to the ecliptic, and that the 
rotation of the earth is neglected ; and suppose, finally, that 
the earth being absolutely at rest, Venus moves in the direc- 
tion V v' with the excess of her velocity over that of the 
earth, which, in fact, represents her relative motion properly. 
Then, to a spectator at n, Venus will appear to enter upon 
the sun's disc at c, and, traversing it in the sensibly straight 
line D, to go off at d. Similarly to the observer at s, the 
planet will appear to describe the more northerly line a b, 
entering at a, and going off at b. The principal observations 
at each station will consist in taking accurately the times 
at which the ingress and egress of the planet take place. Oq 
entering upon the disc a small, but very perceptible, notch 
will be made instantaneously on the limb, which can be 
observed with very great accuracy. Then when the planet 
is completely on the disc, the time of separation of the limb 
can also be observed, but not with so great accuracy : how- 
ever, the mean of these times, corrected for curvature of 
Jimb, will represent very well the time of ingress of the 
centre, and similarly the time of egress vjVXi "^<i oVi^ciN^i^, 
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Hence the time taken by the planet in describing the chords 
A B and D will be known. The velocity, too, of Venus is 
sufficiently well known from the tables of her motion ; hence 
the angular measures of a b, o d, will be known, and conse- 
quently the versed sines of the chords can be calculated. 
Thence, finally, we have the measure of b f, as seen from 
the earth. Now the mean distance of Yenus from the sun 
is to that of the earth nearly as 72 to 100 ; and therefore 
the distances of Yenus from the sun and earth respectively 
are as 72 to 28 nearly, or as 2^ to 1. Consequently, b f, 
measured on the disc of the sun, is about 2^ times the arc 
which the earth's diameter would subtend there at the dis- 
tance of the earth, or five times the arc which would be 
subtended by the earth's radius ; that is, five times the sun's 
horizontal parallax. Any errors, then, which are made in 
the observations will, as affecting e f, be divided by five, 
and hence the accuracy of the method is apparent. We 
have in effect the sun's parallax represented to us on a 
greatly exaggerated scale, and can take advantage of it to 
measure this important element of our system with an accu- 
racy attainable by no other method. It will not be difficult 
to show what wUl be the effect, on account of the earth's 
rotation, of choosing situations differing considerably in 
longitude; but it is rather too complicated for elementary 
illustration. 

91. Besides the British expedition fitted out for observing 
the transit of 1769, others were equipped by the French, 
Russian, and other Governments, and great pains were taken 
in choosing such stations as would produce the best data for 
the solution of the problem. On the whole, the observations 
were considered to be very satisfactory, and the resulting 
horizontal parallax of the sun, as deduced by Encke, was 
8 "'5776, a result which more recent investigations have 
proved to be too small. It may be mentioned, however, 
that Mr. Stone, of the Royal Observatory, Greenwich, has 
very recently published a memoir in the Notices of the Royal 
Astronomical Society, in which, by a careful scrutiny of the 
original observations, he arrives at the result 8"*91, agreeing 
very closely with the recent results derived from the parallax 
of Mars and the observed velocity of light. 

92. The last method which we shall mention for finding 
the solar parallax is by observations of the planet Max^\ ^acsSs., 
indeed, with the exception of tlciat aboNG ift^Q.T^fe\^S5^N5a»*^^ 
only method which can give xeaulta oi ^ao^^t^^*^ 52y.^Q:^x"as5^< 
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Mars is the nearest planet describing an orbit exterior to 
the earth, and at certain times approaches so near that his 
distance from the earth is only one-third of that of the son, 
or so that his horizontal parallax is about 27". Now, this 
is a quantity which can be measured, by comparative observa- 
tions made at Greenwich and the Cape of Good Hope, with 
considerable accuracy, by means of methods which get rid 
of that pernicious influence exercised by refraction on all 
delicate comparisons of polar distances absolutely measured. 
Suppose, for instance, the polar distance of Mars be com- 
pared, both at Greenwich and the Cape, with that of a 
neighbouring star, by means of the micrometer attached to 
a mural circle or an equatorial. The absolute polar distance 
of the star as observed at both places is the same, so that 
the differences of the measures give immediately the effect 
of parallax ; and these are either altogether independent of 
refraction, or the effect is calculable without sensible error. 
The remaining errors are chiefly those of observation, and, 
these being purely casual, can be got rid of by sufficiently 
increasing their number. The only objection to the method 
is, that the stars lying in the path of Mars are generally so 
small and faint, that they are observed with difficulty by the 
ordinary meridian telescopes ; but the great transit circles have 
now done away with the objection as regards the Observatories 
of Greenwich and the Cape of Good Hope. 

93. There is still one way in which the parallax can be 
deduced by means of extra-meridional observations of Mara 

made at one and th^ 
same station. Lei 
p z s be a portion of 
the meridian, z the 
zenith, p the pole, 
and M the position 
of the planet Mars, 
east of the meridian 
as seen from the 
earth's centre, but depressed as viewed from the station 
whose zenith is z in the vertical circle z m to i/. Then the 
parallax in time by which the planet would come too late 
upon the wires of an equatorial instrument is measured by 
the angle m p m', and by this quantity would its observed 
right ascension be too great. Similarly, if observed west of 
the meridian, the observed right ascension would be too 
fimaJJ by a similar quantity. If M.ars, \Ii[icii, \i^ <iom^«t^^. 
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with a star lying in the same parallel of declination (by 
taking the clock- times of transit of both objects over all the 
•wires) several hours before passing the meridian, and again 
several hours after, these right ascensions, when reduced by 
the known motion of the planet to the same time, will differ 
by a quantity depending on the parallax, and from which it 
can be calculated. Generally the observations cannot be 
made with sufficient accuracy to get results available in the 
present state of astronomy, even if we omit to mention the 
difficulty of obtaining the requisite observations at sufficient 
distances on both sides of the meridian. A series of ob- 
eervations of this kind was, however, made at Greenwich 
at the apposition of Mars of 1862 with tolerable success. 

94. Before leaving the subject, we will briefly mention 
parallax in its connection with the fixed stars. We have 
before said (79) that the distance of the nearest of the stars 
is so great that it would be absolutely hopeless to endeavour 
to detect any displacen^ent by observations at different points 
of the earth's surface ; but this nught not be the case with 
observations made at opposite points of the earth's orbit, 
which presents a base for measurement of about 185,000,000 
miles. Surely we might imagine that, however vast the 
distances of the stars, unless they were actually infinite, we 
should be able to detect in them some difference of position 
by observing them at intervals of six months, during which 
time the earth has shifted its position by this enormous 
quantity. » 

95. And so reasoned Flamsteed, and several succeeding 
astronomers, in the infancy of accurate theory and accurate 
observing. Before the discovery of the aberration of light 
and the nutation of the earth's axis by Bradley, all their 
efforts were directed to the discovery of annual parallax, 
and the stars seemed to be removed to greater distances 
precisely in the proportion in which observations were 
rendered more accurate by improvements in instruments and 
the use of them, and as the causes of the displacements, at 
first rashly attributed to parallax, were accurately known. 
At length Bradley announced, as the result of his own at 
that time incomparable observations, that if a parallax of 
any star existed to the amount of one second, he should 
discover it; and since that time the ingenuity of astronomers 
has been employed in inventing methods for tK^ ^^\ka^*e)^ix^'^ 
of quantities much less than this, "by o\>^c^^«^iAsys^5^ ^^^^ 
instruments especially devoted to t\i© i^\xx^o^^. "%j^^ -^iq^^^*!^^^ 
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in the first place, what is the nature of the displacement to 
he measured. 

96. Let A D B E he the orbit described by the earth round 

the sun, s, in the course of a 
year ; a b, two opposite 
points of the orbit ; s, a star 
not at an infinite distance 
(that is, at a distance that 
may be discoverable by ob- 
servation). Draw A «, B 5, 
and produce them. Imagine 
also the cone which would be 
swept out by one of these 
lines during the progress of 
the earth in its annual circle ; 
then it is evident that the 
star itself will appear to 
describe the small orbit, 

a d b e. Now, these points, a d b e, lie sensibly in a plane, 
cutting an oblique cone in a section not parallel to its base, 
and will therefore be an ellipse described about its mean 
place. Suppose, now, we had another star, /, at an im- 
measurably greater distance than s, and situated, for ex- 
ample, in the arc a b produced ; it is plain, by looking at 
the figure, that its angular distance from s would appear to 
an observer on the earth's surface to vary, being least at 6, 
greatest at a, and having its mean value at d and e. If, 
then, we had an instrument by which we could measure very 
accurately the distances of the stars s and s' in angular 
measure, the variations, when observed, would give us 
means of determining the size of the apparent orbit de- 
scribed by s round its mean place, and from this we could 
determine the parallax of the star, and consequently its 
distance from us. 

97. Now this is precisely what was done a few years since 
by the celebrated astronomer, Bessel, with regard to a remark- 
able star in the constellation Cygnus (61 Cygni), by means 
of an equatorially-mounted telescope, called a heliometer. 
A heliometer (so called from the facility with which the sun's 
diameter and other large arcs can be measured with it) 
consists, in fact, of a telescope with its object-glass divided 
into two equal parts by a section through its centre. These 

parts are placed, in. contiguity in the tube of the telescope, 
^o as to lie in the same plane, like an Tmdmde^ ^^^^^ ^ixA« 
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by means of an apparatus of rods and screws, acted on from 
the eye- end of the telescope, are made to slide past each 
other, and a scale is provided which measures the degree of 
the separation of their centres. By this means, each half 
object-glass produces separate images of the objects observed, 
and the angular space by which they are separated will be 
proportional to the distance of the two centres of the half 
object-glasses. There is also an apparatus provided, by 
means of which the object-glass can be turned round in 
the tube, so that the direction of the two images (which is 
always parallel to the common section of the glasses) can be 
put into required positions. If, then, they be put into the 
direction of the diurnal motion of the star, the times of 
transits of its images, over a wire at right angles to their 
direction, will, when properly reduced, give their angular 
distances in terms of the scale divisions ; and, the value of 
the divisions of the scale being thus known, the instrument 
may be used to measure the angular distances of stars or other 
objects not far apart. Thus, 
let A B be two stars, and suppose 

the screw, acting upon the seg- ' i/ ' I 

ments of the object-glass, to be 

turned, and the object-glass itself to be turned round in the 
tube, till the separate images occupy the positions a, b ; a, 
b (a being at a very small distance immediately below b) ; 
then it is evident that the object-glasses have been separated 
by a quantity representing the angular distance of a and b. 
In like manner, the images a and b can be brought into 
similar positions, d, U, on the other side of a, b. It is evi- 
dent, then, that for these different positions of the images, 
the difference of scale readings corresponds to the double of 
the distance of a, b; and this can be reduced to arc by 
the known value of the scale. 

98. Now the star 61 Cygni is double, consisting of two 
Btars of nearly equal magnitude (the 6th), at a distance of a 
few seconds from each other. The star forms what is called 
a binary system; that is, it is proved, by observations 
continued since the year 1781, that the two components 
revolve round each other, being connected by gravity, or 
by some similar tie, like our sun and planets. They also 
move together through space, with a large proper motion 
amounting to several seconds per year. Frota. IV^fc's.^ ^^s^c^sss.- 
stances, all astronomers havQ beeii\ft^ \,o\oci^'«:^<3\^*^^^ ^^^ 
as probably near enougli to \ia to ^ii«IXA.ei ^5L^ "^^ ^^\fc«^ ^ 
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distance by observation ; but it was not till Bessel made his 
celebrated observations with the heliometer, at Konigsberg, 
that any satisfactory result could be obtained. He found 
two stars very minute, but perfectly observable, each at a 
distance of several minutes from 61 Cygni, the one lying 
nearly at right angles to, and the other nearly in the direc- 
tion of, the line joining the components, and he made a long 
series of measures of their distances from the middle point 
between the components. These measures, when properly 
treated, exhibit a series of fluctuations agreeing with those 
which would arise from annual parallax, and leaving no doubt 
of its existence in the minds of persons famihar with the 
subject. The result is, that the annual parallax, that is, the 
angle which the radius of the earth's orbit subtends at the 
distance of the star, is rather more than three-tenths of a 
second of space, corresponding to the enormous distance of 
600,000 radii of the earth's orbit ; or, to a quantity greater 
than 600,000 times 92,000,000 miles. 

99. This st^r, then, probably one of the nearest, is placed 
so far out of the range of the solar system, that, even using 
our distance from the sun as the unit of measure, imagina- 
tion almost fails us in conceiving the enormous interval that 
separates us from it. We are lost in endeavouring to get a 
fixed idea pf the magnitude of the starry heavens, even when 
using as our basis this measurable distance ; and the pride 
which the consciousness of this wonderful discovery raises 
in us with regard to man's intellect, has its proper antidote 
in the inconceivable magnitude of the works of the Almighty, 
in this our first step to a survey, compared with our petty 
dwelling-place. 

100. There are two other instances in which it is tolerably 
certain that the amount of parallax has been pretty accurately 
measured. The first is for a double star called a Centauri, 
of the first magnitude, in the southern hemisphere, in which 
all the elements which denote the proximity of 61 Cygni are 
found existing, in addition to great brightness. The other 
is the well-known star a Lyrae, of the first magnitude, in our 
own hemisphere. The latter was detected by the Kussian 
astronomer, Struve, about the same time with Bessel's dis- 
covery, and by a similar mode of measurement, excepting 
that he used a wire micrometer, and compared a Lyrae with 
only one star. The former was detected in the first place 

by meridian observations made at the Cape of Good Hope 
fiy the late talented and lamented Proiessox "BLciii^exsoii, ^xA 
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has since been verified by other observations of the present 
astronomer at the Cape, Sir Thomas Maclear. The result- 
ing parallax of a Lyras is about two-tenths of a second, but 
that of a Centauri amounts to very nearly a second of space. 
The readers of this little book will see, if they have atten- 
tively studied our remarks on refraction and other sources 
of uncertainty as afiecting meridional observations, that the 
nature of the evidence proving the existence of so large a 
parallax for a Centauri is inferior to that for the other two 
stars ; and we may still desire, at some future time, a verifi- 
cation of it by similar differential measures. 

101. We will briefly recapitulate a few of our leading re- 
marks on parallax. Parallax, generally, is the displacement 
which a body not infinitely distant suffers by being viewed 
from the surface instead of from the centre of the earth. It 
is measurable in the case of the moon by making observations 
of polar distance at stations, one in a high northern and 
the other in a high southern lattitude, such as Greenwich 
and the Cape of Good Hope ; the base of measurement 
being the distance of the stations. The results prove that 
the mean horizontal equatorial parallax (that is, the parallax 
on the horizon, for a place situated on the earth's equator, 
at the moon's mean distance) is about 57' ; or the moon's 
mean distance is about 240,000 miles. 

102. It has been mentioned that the result of an elabo- 
rate discussion of the observations of the transits of Venus 
of 1761 and 1769 gave 8"- 56 as the value of the solar parallax. 
Recently, several independent investigations have proved 
that this value is too small. A comparison of the observa- 
tions of N. P. D. of Mars made at Greenwich and the Cape, 
at the apposition of 1862, gave 8"'932 as the most probable 
value. Li their proper places other investigations will be 
mentioned which confirm this value. 

103. For calculation of the parallax 7) to be applied to 
the zenith distance z of any planet, we have (if r be the 
proportion which the earth's radius, at the station of observa- 
tion, bears to the equatorial radius, and p be the equatorial 
horizontal parallax), 

sin. p = r sin. p sin. z, 
or, with sufficient accuracy, 

p =1 r p sin. z, 
which, in the case of the sun, becomes 

p = 8"-93 X r sm. z^ 
of which a table can easily be ioime^. 
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104. Lastly, the distances of the stars can only become 
known by observations made of them at opposite points of 
the earth's orbit ; and the method which promises and has 
thus far been attended with most success, is that of measur- 
ing their angular distances from other stars probably at a 
much greater distance. The three stars, 61 Cygni, a LyraB, 
and a Centauri, may be presumed with some degree of con- 
fidence to have measurable parallaxes amounting respectively 
to about 0"-3, 0"-2, and 1"* 

105. Thus far the displacements of objects which we have 
been considering have respect only to the local position of 
the observer on the earth's surface, and to the bending of 
the rays by which they are rendered visible on coming into 
the earth's atmosphere. By the correction applied for re- 
fraction and parallax, all the heavenly bodies are referred to 

the positions in which they would be seen by an observer at 
the centre of the earth, by means of rays coming to the eye 
without any deflection. But it is to be remembered that the 
positions of all celestial objects have been defined by refer- 
ence to two points — the one, viz., the intersection of the 
ecliptic and equator, forming the zero point of right ascen- 
sion ; and the other, viz., the vanishing point of the earth's 
axis produced, forming the zero of polar distance. If, then, 
these points were fixed, astronomers would have no farther 
trouble in settling the positions of all the heavenly bodies 
but such as arise from a purely optical cause which we 
shall afterwards explain. But the fact is not so. It has 
been known as a fact of observation for about 2,000 years 
that the equinox, as it is called, or the point of intersection 
of the ecliptic and the equator, moves backwards, that is, 
from east to west, along the ecliptic with a motion amount- 
ing to about 50" per year, and that the pole of the equator 
is thus carried round the pole of the ecliptic in the same 
direction ; so that it would describe a complete circle about 
that pole in about 26,000 years. Before, then, we can fix 
the places of the planets for definite times, or form catalogues 
of stars for definite epochs, it is necessary that we should 
be able to trace the cause, and to calculate the amount of 
the corrections due to this phenomenon. Now this we 
cannot do without referring to the principles of physical 
astronomy, and treating, though briefly, of the way in which 
the revolving protuberant matter at the earth's equator is 
a^ected by the sun and moon's action. Bui it -mil, per- 
-Aap^ffj conduce to cJeamess of conception oi \;3Dia ^\&^\)^^ 
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Bnbject if we first consider the phenomena of precession 
and nutation in relation to their effects derivable from 
observation. 

106. We have said that the right ascensions of all stars 
are measured from the vernal equinox ; the position of this 
point being determined by observing, with the mural or 
transit circle, the polar distances of the sun a little before 
and a little after he crosses the equator, both at the vernal 
and the autumnal equinox. The polar distances of the stars 
are also observed by means of the circle. Now, by knowing 
the inclination of the equator to the ecliptic or the plane of 
the sun*s motion (which is, in fact, the sun's distance above 
or below the equator at the summer and winter solstices, 
when he attains his highest and lowest points respectively 
in the heavens), the positions of the stars can be calculated 
with reference to the ecliptic and the same equinoctial point; 
that is, their latitudes and longitudes can be calculated. By 
this process it is found that for all stars whatever, observed 
at distant intervals of time, the latitudes are sensibly con- 
stant, but that the longitudes of all have a yearly increase of 
about 60^ Of course, we may here apply the same reason- 
ing which we have before used with regard to the apparent 
diurnal motion of all the stars from east to west, and con- 
clude that this common motion to all in the same direction 
is not real, but apparent, and arises from a uniform regression 
along the ecliptic of the point of reference, that is, of the 
equinoctial point. This regression is called the precession of 
the equinoxes, because its mo- 
tion being in the direction of 
the diurnal motion, it brings the 
intersection of the ecliptic and 
equator on any meridian sooner 
each succeeding year than it 
would have otherwise come, and 
makes the interval between a 
season of one year and the cor- 
responding season of the next 
shorter than it would otherwise 
be. But the student must re- 
member that the point in ques- 
tion goes backwards, and not 
forwards, upon the ecliptic. In the accompanying figure^ let 
A B V c and a ^ v q represent t\ie T^\«uQ.ek oi \iii^ ^OS^*^^ ^la^^ 
equator, and k and p their re8pec\.\Nek x^ot'Ca ^^««^ V^^%5>Ss^ 
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o p being at right angles to them), v the vernal and a the 
autumnal equinox ; then the points v and a regress along the 
ecliptic in the direction of the arrow points, and, of course, 
carry the point p in a small circle round k in the direction 
also indicated by the arrow point. The pole of the equator, 
in its progress round that of the ecliptic, will move away 
from certain stars which it has passed in its course, and 
approach others. Thus, at present it is still approaching 
the remarkable star a IFrsaB Minoris (Polaris), but after a 
time it will recede from it, and after the lapse of a great 
many ages, it will approach very near to the great star in 
the constellation Lyra, which will then be the polar star to 
astronomers in the northern hemisphere. 

107. But though we have described the effect of the pro- 
cessional motion by means of the small circle, which, in its 
mean effect, it causes the pole of the equator to describe 
round the ecliptic, yet this is true only approximately. If 
we were to lay down the curve actually described, it would 
be an irregular line approaching to a circle, and with its 
irregularities recurring again and again, at intervals of about 
nineteen years. In fact, the true state of the case may be 
accurately enough represented by imagining a point p to be 
carried uniformly round, while another point (the real pole) 
is describing round this a minute ellipse, whose longer axis, 
about 18^^", is directed towards k, and the shorter axis, about 
14'', is at right angles to it. These variations of the mean 
precessional effect are called nutation; and, of course, affect 
the places of all bodies referred to the pole and to the 
equinox, and must rigorously be taken into account in all 
calculations for reducing them to any fixed epoch. 

108. We will now endeavour to give some idea of the 
physical cause of this most interesting phenomenon, whose 
observed effect was first detected by Bradley, and given 
nearly in the shape in which we have put it above. 

109. Our readers have, doubtless, some notions of the 
theory of gravitation. If they have not, it is better to omit 
for the present any attempt at understanding what follows. 
The law of universal gravitation is simply this, that every 
particle of matter in the universe gravitates towards every 
other particle, or attracts and is attracted by every other 
particle, with a force varying inversely as the square of the 
distance. This law, simple as it is, will account for all the 

wonderful phenomena, which are the obiecla oi oxjgc «^qc\i1&- 
tion and research m astronomy. By it Vfo can. &<^<^o\]ji\» iot 
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the spheroidal figure of the earth and planets, and explain 
the laws of their motions in their orbits ; and by it we can 
ealcnlate with wonderful accuracy the place which any planet 
•will occupy in the heavens at any assigned period. By the 
application of this law we can trace out in the heavens the 
path of so filmy and vaporous a body as a comet, through 
whose densest parts the smallest stars are visible ; and 
astronomers have, in many instances, predicted their re- 
turn, after the description of orbits of almost inconceivable 
magnitude. The tides of the ocean also rise and fall in 
accordance with the law, and, independently of the local 
circumstances which affect them at individual places, afford 
one of its most beautiful exemplifications. Lastly, the pre- 
sent phenomena of precession and nutation admit of a full 
and perfect explanation, though we can promise to give, in a 
popidar form, only a very vague notion of them. 

110. The earth, as you are aware, is a spheroid of revolu- 
tion rotating round its smaller axis, whose ellipticity, that 
is, the ratio of the difference of the axes to the major axis, 
is about 3-J^. Now the axis of revolution is inclined at an 
angle of about 23^ 28' to the axis of the ecliptic ; and, con- 
sequently, there is a small ring of protuberant matter, or 
meniscus, above the sphere whose diameter is the minor 
axis, inclined at the above angle to the ecliptic, and divided 
into two equal parts by it. Imagine this ring of matter to 
revolve independently of the earth, and in the same time, 
and to fix the ideas, imagine the state of things at the sum- 
mer or winter solstice, when the angular distance of the sun 
from the earth's equator is greatest. In this case, the effect of 
the sun's disturbing action (that is, the difference between the 
pulling force on the centre of the earth and on any particle ot 
the meniscus) will be such as to bring it towards the ecliptic, 
and, if the motion of revolution were to cease, it would ulti- 
mately pull it into coincidence with that plane ; but, on 
account of its rotation, the effect will be so far modified that 
the inclination in a whole revolution will remain unaltered, 
but the points n n' (Fig. p. 68), where the plane e q cuts 
the ecliptic, will regress. In fact, each point being pulled 
towards the ecliptic, will reach it sooner than it would other- 
wise have done, or the motion of the line n n' will be in the 
contrary direction to that of the motion of rotation. Now, in 
the case of nature, this meniscus is solidly ^oinad \.^ '^'^ 
earth, and therefore whatever moVioTi \a ^e^ \» '^^ ^c^s^'^ 
must be communicated to t\ie "wVloV^ \>oS'^ % ^3£^^ Si£i»s»> ^"^ 
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account of the large mass of the earth which the ring has to 
drag with it, the motion will be exceedingly diminished. 
The effect, however, will be of the same kind ; that is, the 
points of intersection of the ecliptic and equator will upon 



8 




the whole retrograde. If we consider what will be the state 
of things at the equinoxes, we shall readily see that the 
sun being then in the plane of the earth's equator, and 
consequently there being no force to pull the protuberant 
matter out of its natural position, the retrogression will be 
nothing; and in the same manner, and for all time inter- 
mediate to the equinoxes and solstices, the effect will be also 
intermediate.* 

111. Thus far we have considered only the effect of the 
disturbing action of the sun, which, on account of its immense 
distance, produces but a small part of the observed retrogra- 
dation. The moon, though her mass is not -g-oTo^o.ooo P^ 
of the sun, produces, by being so near to us, a much more 
serious effect. It is very evident that her action will be of 
the same character as that of the sun, though the changes 
will be very much greater, on account of her wider excur- 
sions above and below the equator, and also because the 
plane of her own orbit is not fixed upon the ecliptic, but 
itself retrogrades, so as to go round the whole circle in a 
backward direction in the space of about 18 J- years. Now, 
during half of this period, the position of the nodes of the 
lunar orbit is such that its plane is but little inclined to the 
earth's equator, and therefore the precessional effect will be 
small ; but during the remaining half the inclination is con- 
siderably greater, and the lunar precession becomes thus ; 
proportionally larger. These inequalities of precession, caused 
separately by the sun and moon, are called solar and lunar 
nutation, on account of the irregular motions which they 
j[)Toduce in the poles of the heavens, and, consequently, in 

• See Airy* 8 Ipstoieh Lectures, page 16%. 
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the polar distances of stars. The first evidently has for its 
period a solar year, or time of revolution of the earth round 
the sun; the second depends upon the place of the moon 
in her orbit, and also upon the time of revolution of her nodes, 
and therefore requires for its expression two terms, the one 
depending upon the moon's longitude, and the other upon 
the longitude of the node. 

112. In all that has been said thus far, it has been 
assumed that the plane of the ecliptic is absolutely fixed in 
space, but even this is not the case, since the relative orbit 
of the sun and earth suffers also disturbances by the action 
of the larger planets, which require also to be taken into 
account. At present we are not in a condition to enter more 
largely upon this subject, and the general explanation of pre- 
cession is not affected by it. 

118. By application of corrections derived from the theory 
of precession and nutation, we are enabled now to represent 
the places of the stars for any epoch, as correctly as if the 
points of reference were absolutely fixed ; yet we have still 
one correction to make, depending upon a phenomenon of 
a totally different character: we mean the phenomenon of the 
aberration of light. Koemer discovered, by means of the 
eclipses of Jupiter's satellites, when observed at different 
distances of Jupiter from the earth, that light was propagated 
with an immense, though measurable velocity, so as to de- 
scribe the radius of the earth's orbit in about 8J^ minutes; 
but it was reserved for Bradley to show by observation, that 
this progressive motion of light, combined with the motion of 
the earth in her orbit, would produce an apparent displace- 
ment of every object in the heavens ; throwing it apparently 
a little behind the place which it ought, according to theory, 
to occupy. The casual experiment by which Dr. Bradley was 
first led to the idea of the theory of aberration is instructive, 
not only in showing the process by which a great mind 
arrived at the explanation of this most important phenome- 
non, but as giving a really simple and intelligible elucidation 
of it. He was in a wherry on the Thames, which had a vane 
fcfr observing the direction of the wind at the top of the mast. 
The boat being stationary, he observed by this vane the 
direction of the wind, but it appeared to him that when the 
boat was again in motion the direction immediately changed. 
The boatmen were themselves familiar with the phenomenon, 
but were unable to explain it ; and, b^ ice^'&^i^Asysi, "^"t^Ss^^^ 
was Boon enabled to see that the c\i%iXi%<b oi ^^<i*vKss^ ^ssas^ 



60 



ILLUSTRATIONS OF ABERRATION. 



be not real, but apparent, and depending npon the unthoaght- 
of motion of the observer. Several other illustrations may 
be given, of which the most usual is that of the direction of 
rain-drops falling upon a person as he walks. If the drops 
fall vertically, and he be walking with any considerable velo- 
city, they will strike him on the face, as if they came towards 
him in an oblique direction. An ingenious illustration is 
given by Mr. Airy, in the Ipswich Lectures. Imagine the 
side of a ship in motion to be pierced by a shot from a 
battery which she is passing, which goes out at the other 
side. It is evident that the point of the off-side of the ship 
at which the shot goes out will be farther astern than the 
hole made on entering the other side; and the sailors, if 
they did not attend to the motion of the ship, would imagine 
that it had passed through in an oblique direction. We wiU 
take one more illustration, which will enable us to see still 
more clearly the law according to which the effect of aberra- 
tion must be calculated. 

114. Let A B be a tube, making a fixed 
angle with the horizon, but carried forward 
horizontally in the direction a d, with a 
velocity represented by a d. Let now a 
body fall from c, with a velocity represented 
by D, at the same time that the tube starts 
from a; then it is evident (by similar tri- 
angles) that when the top b of the tube has 
arrived at e, the body will also have fallen to 
E, or will enter at the top of it, and, the 
ratio of the velocities still remaining the 
same, will proceed within it, through its 
whole length, without striking the sides. If, 
also, an observer at a were looking up the 
tube, the body would appear to fall in the 
direction o b a, instead of the vertical direction. In this 
instance, then, the effect of aberration is the angle o, which 
may be calculated by the formula, 

q, DA velocity of observer 




D velocity of falling body 



Let us now apply this analogy to the case of an observer on 

the earth's surface, looking at a star, the velocity of light 

being supposed known, and being in round numbers to that 

of the earth m Ha orbit nearly as 10,000 to 1, or as unity to 

^e tangent of an arc of 20"* 6. Let a \>e ttv© Tp\«rfift oi wi^ 



ABERRATION ELLIPSE. 61 

star, and e that of the earth at any time, describing its orbit 
round the sun, s, in the direction e a e' b ; e ^, a small arc 
of the orbit described in the nnit of time. Then, if a space 
be set off on E a equal to that traversed by light in the same 




time, and the parallelogram be completed, of which these 
spaces are the sides, its diagonal will be in the direction e <t\ 
of the apparent position of the star. The effect of this 
displacement will be to make each star in the heavens appa- 
rently describe a small ellipse round the true place unaffected 
by aberration, and the axes of this ellipse will depend upon 
the position of the star with regard to the ecliptic ; that is, 
on its latitude. If, for example, the star were in the ecliptic, 
the whole displacement would be in this plane, the effect on 
the latitude of the star being nothing ; but, if the star were 
situated at the pole of the ecliptic, the curve described 
round its mean place would be a circle with an angular radius 
equal to 20''* 5 ; and generally, the axes of the ellipse will be 
in the proportion of unity to the sine of the latitude. 

115. Without going into details, for which, in fact, we 
have not space, the intelligent reader will readily understand, 
from the principles already laid down, that the apparent dis- 
placement which every star experiences with respect to the 
ecliptic can be calculated, and the position of that plane with 
regard to the equator being known, the small corrections in 
right ascension and polar distance can also be computed. 
Conversely, by judicious observations, continued throughout 
every period of the year, of stars situated near the pole of 
the ecliptic, where the effect of aberration is the greatest 
possible, it is plain that the axes of the aberration ellipse 
will be found, and the constant quoalit^ <^^ Tssss^jeixsRsSls. 
multiplier necessary for the coisi"^\]L\.«i.\i\OTi ^i "^^ ^'^'^^^ ^qjj^^'^ 
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every star) of its expression will be found. It was by 
observations of the star y Draconis, which for Greenwich 
passes the meridian very near the zenith, that Bradley 
detected this important phenomenon. The right ascension 
of this star is nearly 18 hours, and its north polar distance 
nearly equal to the colatitude of Greenwich. It lies, there- 
fore, very nearly in the plane of the great circle joining the 
poles of the ecliptic and equator (called, technically, the 
solstitial colure), and about 15^ from the pole of the ecliptic. 
If, then, the reader has carefully attended to the preceding 
explanation, he will see that when the earth is in the 
autumnal equinox, and therefore moving parallel to the 
colure, the effect of aberration will be apparently to raise the 
star above the ecliptic, and therefore to bring it nearer to the 
north pole of the equator by the quantity 20^*6 X sin 76** 
(= 20"'5 X sin. star's lat.) ; but that when the earth is at 
the vernal equinox, the effect will be to increase the distance 
from the pole by about that quantity. If, then, the observa- 
tions of polar distance made at these periods be corrected 
for refraction, precession, and nutation, their difference will 
amount to about 41" x sin. 75*^, or to nearly 40^. 

116. M. Struve, the Kussian astronomer, by observations 
made a few years ago, has definitively fixed the constant of 
aberration at 20 '445, which, he believes, does not differ 
0""011 from its true value ; and hence the velocity of light is 
known with very great accuracy, and the time taken to 
traverse the mean radius of the earth's orbit will be 
Qm 178'78 of mean time. The author of this little book has, 
by the description of a series of observations of y Draconis 
made with the reflex zenith tube at Greenwich, found the 
value 20"* 34 for the constant. 

117. The effect of aberration on the places of the planets 
differs from that on the places of the stars on account of 
their motion in their own orbits. On this account it 
happens that they are seen by rays coming from a point 
diflerent from that which they occupy when the observation 
is made. It is evident, in such cases, that the effect of 
aberration referred to any planes whatever will depend on 
the relative motion of the earth and the planet, that is, on 
the geocentric motion of the planet, and on its distance 
from the earth. Let, for instance, d be the distance of the 
planet from the earth ; then the time in which light 

traverses this space is 8™ 17' X — , wViexe il la ^k^ T^^diwa of 

R 
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the earth's orbit, supposed circular. This time is technically 
called the aberration-time, and the geocentric motion of the 
planet being known, the space through which it will move in 
the above time, whether in right ascension or declination, is 
the correction for aberration. The most convenient way of 
computing the apparent places of the planets, that is, their 
places affected by aberration, is to subtract the aberration- 
time from the time for which their places are required, and 
to consider the remainder as the time for which the compu- 
' taticgis are to be made. 

118. There is still one effect of aberration to be considered, 
viz., that arising from the earth's diurnal rotation on its axis 
from west to east. This effect is so small as not to be appre- 
ciable by observation, but it produces an error in the places 
of all objects observed with the transit instrument (throwing 
them too far east, or causing them to come to the meridian 
too late) of the same kind as the error of coUimation, which 
is necessary to be taken into account. Its amount is easily 
calculated. 

119. Let Greenwich be the station of observation, in north 
latitude 51° 29' ; then the space through which the earth's 
equator will be carried in the time t seconds will be 

« X 2 r X 3-14159 2 

^= r t yc nearlv* 

24 X 60 X 60 ^ 27500 ^' 

where r = the earth's equatorial radius ; and the space 
through which the parallel at Greenwich is carried in t^ is 

COS. 51 *» 29' 

2r t X 

27500 

but the space through which light moves in *• 

= — , - X R (where r = radius of earth's orbit). 
497 



Hence, 



velocity of rotation at Greenwich 
velocity of light 
2 r 497 

= T >< 27500 X ^^«- ^1' 29 

8000 497 .,^^^ , 

X X COS. 51** 29^ nearly, 



92000000 ^ 27500 
1 



1021790 



nearly. 



64 SUM OF CORRECTIONS. 

120. This represents the tangent of the angle of aberra« 
tion in this instance, and the corresponding arc is 0"'202. 
Every star, therefore, comes to the meridian too late by 
the time of its motion over this arc, and requires a correc- 

0-202 
tion in time = — ^ - ~. - ,, ,c-,r- The error itself is, how- 

16 sm. N. P. D. 

ever, in practice incorporated with the error of collimation. 

121. We are now enabled by the application of the correc- 
tions duo to refraction, parallax, precession, natation, and 
aberration, to represent the places of the stars as they wonld 
be observed by a spectator placed at the earth's centre, 
supposed fixed in space, with no atmosphere causing dis- 
placement, and referred to fixed points and a fij:ed plane of 
reference. It is evident, however, that the corrections re- 
quired for precession, nutation, and aberration will be com- 
puted from formulflB necessarily of some complexity. We 
are indebted to the illustrious Bessel, in the fbrst place, for 
reducing the formulaB to a shape admitting of easy computa- 
tion, in every case, by separating the terms of their expres- 
sions into double sets of factors, the one set containing only 
such quantities as depend on the time, such as the date of 
the observations, the position of the node of the lunar orbit, 
and the places of the sun and moon, on which the nutation 
and aberration depend; the other set involving only such 
quantities as depend on, or are functions of, the star's right 
ascension and declination. 

122. The logarithms of the first set of quantities are given 
in the Nautical Almanac for every day of the year, under the 
designations A, B, C, D, and the large catalogue of stars pub- 
lished under the authority of the British Association gives 
for every star included in it the values of the logarithms of 
the second set of quantities for both R. A. and N. P. D., for 
the epoch 1850, under the designations a, 6, c, d and rt', h\ c^, d'. 
The whole correction to be applied to the mean place of a 
star to obtain its apparent place for any day required is — 

For Right Ascension . Aa-fBZ>-fCc-fDrf 
For N. P. D. . . . A a' + B /;' -f C << -f D (T. 
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CHAPl'ER IV. 



OF THE MOTION OP THE SUN IN THE ECLIPTIC, ETC. 

123. In the preceding chapter it has been our object to 
bring together, so as to exhibit in one point of view, all the 
corrections which are necessary to be made before the true 
place of a celestial object can be found from observations 
made at the surface of the earth. In doing this, however, 
we have been obliged to anticipate in a slight degree, or to 
assume the reader's acquaintance with, a few of the leading 
facts of the solar motion, as well as some familiarity with 
the plane in which that motion is apparently performed. 
We have in the same manner assumed, in some degree, 
his familiarity with . the motion of the moon round the 
earth. But, in fact, all we have required to be admitted is, 
that the sun apparently moves round the earth, or the earth 
really moves round the sun, in a nearly circular orbit, 
described in a plane, sensibly fixed, called the ecliptic. We 
have also assumed in like manner for the moon, that she 
revolves round the earth in a nearly circular orbit ; but that 
the plane of her orbit, which has a small inclination of about 
6® to the ecliptic, has a retrograde motion on the ecliptic by 
which it is carried completely round the circle in the space of 
nearly nineteen years. 

124. It will be our object in this chapter and the following 
to treat of the motions of these luminaries a little more 
specifically, and at the same time to introduce such remarks 
on the theory of gravitation as will enable the reader to 
obtain an idea, however vague and imperfect, of the laws 
according to which the orbits are described, and of the 
perturbations to which they are subject. La. \Jcl^ ^x^'^ijscis* 
chapter we confine ourselves to tke m\ei«M\%^\Aora. o.i'*^^ ^^^vx 
orbit; to the consideration of \ih.© Non.oxiL'a x£ia^«vsx^'e» ^^ '•^^"^ 
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used by astronomers; and, finally, to an account of the 
knowledge which has been acquired concerning the physical 
constitution of the sun. 

125. The portion of the heavens in which the sun's 
apparent orbit is performed was called by the ancients the 
zodiac; and the great circle formed by the intersection of 
the plane of his orbit with the sphere of the heavens was 
divided by them into twelve equal portions or signs, to which 
were given, from the constellations through which the sun 
passes, the following names : — 



Aries 


Leo 


Sagittarius 


Taurus 


Virgo 


Capricornus 


Gemini 


Libra 


Aquarius 


Cancer 


Scorpio 


Pisces. 



126. About 4,000 years ago, the position of the vernal 
equinox, that is, of one of the points of intersection of the 
ecliptic or sun's path with the equator, coincided with the 
constellation Aries ; but on account of the precession of the 
equinoxes, this point is now in the constellation Pisces. It 
is, however, customary with astronomers still to call the 
point of the spring equinox the first point of Aries. No 
confusion arises from the term, but great inconvenience is 
frequently experienced by an attempted change of nomen- 
clature. 

127. We have already, without alluding to any theory of 
the solar motion, shown how the mean distance of the sun, 
or the solar parallax, has been found by observations of the 
last transit of Yenus across the disk, and by observations of 
Mars when nearest to the earth, but we have not made any 
reference to the variations of his distance from the earth in 
the annual circuit. Now, if our readers would take the 
trouble to consult the Greenwich observations for any one 
year, and look at all the measures of the sun's diameter which 
have been made with the mural circle, they would not fail tc^ 
perceive that in the course of the year the variations of the 
measures are far greater than can be attributable to errors of 
the observations, though, from the fluttering, badly-defined 
nature of the borders of the disk, these frequently amount to 
several seconds of arc. If, however, any one would give 
himself the trouble to take the mean or average of the 
measures of the diameters on several neighbouring days, and 
thus divide the whole series into groups, he would observe a 

r(0r^ conspicaouB law in their variation. "Eox exwcDLT^\^, \Lft 
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woald find the measures smallest about Midsummer, and 
largest at the end of December, and between these times he 
would find a steady, uniform increase ; while from January 
to the end of June the decrease would be equally uniform. 
Now the object observed being the same, this proves that the 
distance of the sun is least in winter, and greatest in summer, 
and that the variations of increase and decrease are tolerably 
uniform. 

128. A tolerable notion would thus be formed of the 
general shape of the orbit. It would be found to be not 
quite circular, but the extreme variations of distance would 
show that it does not diflfer much from a circle. In the year 
1868, for example, the largest diameter given in the ** Nau- 

■ tical Almanac '* is that for the end of December, viz., 
82' 86"*4, and the smallest is that for the end of June, viz., 
81' 82"-0. The difference of these compared with the mean 
diameter is about -^ part of the whole ; and this, therefore, 
is the proportion in which the greatest distance of the sun 
from the earth exceeds the least. We might thus suppose, 
without further reasoning, that the earth moves round the 
sun, or the sun apparently round the earth, in an orbit 
slightly oval or elliptical; and a trial of this theory with 
observations of the diameters would show whether an exact 
ellipse is described. 

129. It was, in fact, proved by Kepler, about three cen- 
turies ago, that not only the earth, but all the large planets 
describe ellipses about the sun, that body being in one of the 
foci of each of the ellipses. This law of the planetary 
motions is known by the name of Kepler's first law. The 
excentricities of these ellipses are different, and appear to be 
totally independent of each other ; the planes of their orbits 
are also different, but are all included within a small angular 
distance from the ecliptic (about 10*^), called the zodiacal 
limits ; and, finally, the directions of their major axes are 
different. Still, all the orbits are ellipses described in the 
same direction from west to east, in planes round the sun as 
a common centre. 

130. Again, if we were to proceed really to construct the 
curve of the solar orbit by assuming, as in the figure, the 
point s as the focus round which the sun appears to move, 
and, after calculating the sun's longitudes, from the observed 
right ascensions and declinations at times corresponding to 
those at which the diameters or diataiicei% ^xQr^Q\Nkwjk»S. \s^ 
ibem were observed, laying off an^e^ o ^ t>,t> 's»^>^'s»^^ 
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&c., equal to these differences, and lines o s, d s, e s, 
inversely proportional to the observed diameters, we sh 
not only find that the curve was sensibly elliptical, but 

another law of the i 
motion would bee 
evident. We should 
in fact, that the vel( 
of the sun when 
his shortest dist 
(perigee) s A is 
siderably greater 
when near the grei 
distance (apogee) i 
and that, being gret 
at A, the velocity continually decreases till he an 
at B, when it is least; it then increases again during 
remainder of the year till it is greatest at a. By < 
paring, for instance, the sun's increase of longitude in e 
small times when near a and when near b (which gives 
measure of angular velocity), we should find that 
velocity at a would exceed that at b by about -^g- part, 'v\ 
the distance s b exceeds s a by about 3^ part. For insta 
taking numbers from the " Nautical Almanac" for 1868 
find that the daily increase of the sun's longitude at the 
of December is about 1^1' 8", but that in June it is al 
67' 12". The difference of these is 3' 66", which, c 
pared with the mean daily increase 59' 10", gives the frac 
TsTUi ^^ "iV) corresponding to the ratio which has 1 
previously assumed. The same is true in every other 
of the orbit, that is, the increase of velocity is twice as g 
as the decrease of distance. Now, we might readily p: 
from this that the sun's angular velocity must be in ger 
inversely proportional to the square of the distance, 
let r be any distance from the earth, and v the correspon 

angular velocity, then if v varies 3 , r* X v must be a 

stant quantity. Let now r + a? and v + y be the ra 
vector and velocity at another time of the year. Then 
value of (r + xy X (v + y) must be equal to r* v, beci 
this quantity does not vary by the corresponding variat 
of r and v. 

Hence, r'r + 2rt;a7 + r*i/=r*t;, 

neglecting the small quantities x^ y^^r xy^ 3? v. 
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y 2x 

Hence, 2va? = — ry; or, - = • 

V r 

That is, the increase of v compared with v is twice as great 
as the decrease of r compared with r. Conversely we may 
asstune, that if the latter proposition be true, the quantity 
r* V must he constant ; or the velocity varies in the inverse 
proportion to the square of the distance or radius vector. 
Now this law, which belongs to all the planetary motions as 
well as to the sun, was also discovered by Kepler, and under 
the name of the equable description of areas is known as 
Kepler's second law. It may be distinctly announced as 
follows : — The areas swept out by the radii vectores of the 
planets (that is, by the lines drawn from them to the sun) 
are proportional to the times of their description ; or, equal 
areas are described in equal times. 

181. It will be well, in this place, to enunciate Kepler's 
third law of the planetary motions, though we are rather 
anticipating. He found, by a most laborious comparison of 
the planets' distances from the sun with their times of 
revolution, that a very simple and general law of connection 
subsisted between them. The law simply enunciated is this, 
♦* that the squares of their periodic times of revolution are 
to each other as the cubes of their mean distances from the 
Bun or the semi-axes major of their orbits." This is the 
law which we have before adverted to in the discussion of 
the solar parallax. We see by it that if the distance from 
the sun of any one planet be known, the distance of all 
the others can be found by simple proportion. Suppose, for 
example, that the mean distance of Mars be a, and its 
observed time of revolution i. Let the time of revolution 
of the earth round the sun be T, and the mean distance 

required x. Then, by Kepler's third law, — - = — . 

a t 



(T\^ 



And the same rule will apply to any of the other planets. 

182. Now the whole of the above laws are simple 
mechanical consequences from the universal law of gravi- 
tation, to which we will now devote a few words. The sun, 
considered as a spherical body, e^xeitft ^^led.^^^ SJsi'fe ^"^sfi^^ 
in£nence upon a planet, considered a^ ^ ^^\iei\<^^\i<^^ > ^^*^ 
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the whole mass of the snn and of the planet were concen- 
trated at the centre of each. If this be assumed (the proof 
is by no means elementary or easy, though it has been 
proved by mathematicians), the application of the theory is 
simple. A point or centre of force of a certain energy 
attracts towards it another point moving at a given time 
with a definite velocity, in a direction not exactly towards 
nor exactly from the centre, with a force inversely propor- 
tional to the square of the distance ; what curve will the 
body describe in consequence ? This is the problem to be 
resolved, and Newton first demonstrated, and other mathe- 
maticians have since proved the same in various ways, that 
in all cases whatever the attracted body vdll describe a conic 
section, that is, a curve lying in one plane which is either 
a circle, an ellipse, a parabola, or an hyperbola. The par- 
ticular curve described by the planet will depend upon the 
circumstances of the motion, that is, upon the direction of 
its motion with regard to the line joining it and the sun, 
and upon its velocity, at any known part of its orbit. For 
instance, if when the earth is moving with its greatest 
velocity, that is, when it is at the least distance from the 
sun and its direction of motion is at right angles to the 
radius vector, the velocity should be suddenly lessened in a 
small degree, it might describe a circle instead of its present 
elliptical orbit. If, again, the velocity were to be increased 
to u certain amount, it might never return towards the sun, 
but describe a parabola ; and, finally, if the velocity were 
still farther increased, it would describe an hyperbola. 
These results are arrived at by an extension of the same 
kind of reasoning as is used in determining the laws regu- 
lating the fall or the motion of bodies near the surface 
of the earth, for which we would refer to the " Rudimentary 
Treatise on Mechanics.'* A stone, for instance, thrown in 
any direction but the vertical will return to the earth after 
describing a parabolic curve. Now in this case it is mani* 
festly impossible to give to the stone a sufficient velocity to 
enable it to clear the earth's surface, and, even if it were 
practicable to give it a sufficient initial velocity, the resist- 
ance of the air (varying as the square of the velocity) would 
so instantaneously and enormously diminish it as to render 
it useless. Also, the whole range of the stone is so small, 
compared with the earth's surface, that throughout it gravity 
majr be sapposed to act in parallel line« and with a constant 
Amoant of foroe. Hence the prdbVem. "Vj^cotol^^ "^jet-^ tol\sl!(^ 
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modified. But, if we imagine the stone thrown from a very 
great height above the earth's surface, in an oblique direction 
to the line joining it and the earth's centre, it is still the same 
problem which we have to solve, only the data have become 
more complicated. The force, in this instance, does not act 
in parallel lines, but towards a centre, and it is not a constant 
but a varying force, depending upon the distance from the 
centre of the earth. But to fix the reader's ideas, we will 
take the simplest case of possible planetary motion, viz., 
that wherein the body, by the influence of a central force, 
is made to describe a circle round the centre, and we will 
find what the law of the force is in this instance, 

133. Suppose a body a to 
revolve in a circle round a 
centre of force o. At every 
point it is moving in the di- 
rection of the tangent at that 
point, and, if the force were 
suddenly to cease, it would 
go on, with a constant velo- 
city, in that direction. Sup- 
pose, then, that when left to 
itself it would describe the 
space A B in a given small 
space of time ; and suppose, 
also, that the force in the 
direction a b would draw it through the space a d in the 
same time. Then, if the parallelogram a b v d be completed, 
V will be the actual place of the body, which is, by hypothesis, 

A V* 

in the circumference of the circle. Hence a d or b v = 




2ao. 



If, now, A V and b y be indefinitely diminished, a v will 
become equal to the arc a v ; and, if the given time be taken 
as the unit of time, will represent the velocity of the body 
in the curve. Also, b v, being the space through which the 
body is drawn in the unit of time, will represent the half of 
the accelerating force (f). Hence, if v be the velocity and 

B the radius of the circle, we have p = — , or, the velocities 

B 

of bodies describing circles, if the force be constant, will be 
as the square roots of the radii of the circles. Eat \skS^\sfiCi&^^ 
if a stone attached to a string be wloirVe^L to^jch^ ^o ^"e* *:xv^sx \.^ 
be retained in a circle, as the string la leu^ikeii^^ ^^ n<^c»cv^ 
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in the carve will be increased in the dnplicate proportion. 
But, if we wish to know how the angular velocities vary, 
putting a to represent it, we have v = RXa; orp = a"B. 

184. Hence, the tension of the string remaining the same, 
the radius varies inversely as the square of the angular velo- 
city. But if the angular velocities be constant, or the circles 
be described in the same time, then the tension of the string 
will be increased in the simple proportion of the radios. 

135. Similarly, if we wished to find according to what 
law of force a body might describe an ellipse round a centre 
of force situated iu one of the foci, we should usq similar 



reasonmg. 



X« 




136. Thus let s be the 
centre of force; p the 
position of the body at 
any time, moving in the 
direction of the tangent, 
p B with a certain velo- 
city denoted by p b ; p h 
or B Q the space through 
which the bo4y wotdd 
be drawn by the action 
of the force in the in- 
finitesimally small time t ; p R Q n being a parallelogram. 
Then, if f be the force which deflects the body through the 
space R Q, we have, by the second law of motion, Q b = 1- f t*. 
But, if A be the constant area described in the unit of time, 
the area q s p will be a x T. This area is, however, ulti- 
mately equal to^gp X QT, qt being perpendicular to 8 £^ 

Hence t = ^ — X s p, 

2 A 

Hence f, which is ultimately equal to the limiting valuo 



of 



2 Q R 



= 2 QR X 



4a 



Q T=* X S P' 



=: -__ X limiting value of 



QR 



S P* ' Q T* 

137. To understand what is meant by the limiting value 
of^^, imagine thp point q to approach \.o^wc3ls t^ wid at 
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length to reach it ; then, though each of the quantities q b 
and Q T^, taken separately, ultimately vanishes, yet their 
ratio continually approaches nearer and nearer to some defi- 
nite value, which can be found for any particular curve under 
consideration. For the ellipse this ratio is a constant quantity, 
that is, it is the same for every point of the curve, and hence 

the force varies as — -. 

s P* 

138. The foregoing considerations will show the nature of 
the investigations by means of which Newton traced his way 
to the true theory of the planetary motions. Assuming that 
the planets were kept in their orbits or made to describe 
certain curves in one plane by a force directed towards the 
sun, his object was first to find what must be the law of force 
by which this could be effected. Kepler has proved that the 
orbits were ellipses having the sun in one of the foci, and 
Newton easily proved, in the way we have explained, that 
the force must be inversely proportional to the square of 
the distance. He discussed likewise the laws of force for 
other curves, and other centres. For circles his discussion 
is nearly as we have given it ; and, if an ellipse were described 
round the centre, he finds that the force must vary directly 
as the distance. It is evident, therefore, that, as far as the 
planetary motions are concerned, the force must be that of 
the inverse square of the distance, for no other law of force 
can be reconciled with Kepler's first law derived from ob- 
servation. 

189. Again, he found that for any law of central forces what- 
ever, the areas described must be proportional to the times ; 
and this latter fact being previously known as the result of 
observation, in the description of the orbits of the planets 
round the sun, it is plain that the force by which the planets 
are kept in their orbits is directed to the sun. This proposi- 
tion was therefore to be proved before the laws of force 
round a fixed centre could be considered, and thus in New- 
ton's " Principia " it forms the first proposition, though we 
have taken it according to the order of Kepler's laws. 

140. Lastly, Newton found that the time of his descrip- 
tion of any elliptic orbit round a centre of force varying 
inversely to the square of the distance would vary in what 
is called the sesquiplicate ratio of the semi-axis ma^o^ 
directly, and of the square root oi \i\ie -ma.^^ oi "Cs^a ^jiJ^x*^^- 
ing body inversely. Thus, if t be t\io \^ek oi x^Nc^»^C^.Q^G.^ o. 
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s 
the semi-axis major, and fi the mass, t =: ^ ^ , where 

TT = 8- 141 69. This we can prove easily enough in the case 
of the circular orbit before discussed. Taking the equation 
F = a^ B, let T be the periodic time, then t X a = 2 n-, and 

F = -^ (by hypothesis of the force varying according to the 



inverse square of the distance). 
Hence, IL= __^ 



X R 



or, T* == 



4.7r^ 



X r" 



T = 



2irR* 



and this expression is equally true in the case of an elliptio 
orbit, and is, in fact, the symbolical enunciation of Kepler's 
third law. 

141. Having thus discussed the simplest of the features 
of the theory of gravitation, and shown how it can be proved 
that Kepler's observed laws are some of the simplest con- 
sequences of it, we will proceed to show in what manner the 
motion of the sun in longitude can be calculated, and to 
exhibit the principles of the construction of the Solar Tables. 

142. Let A p B be the half of the elliptic orbit of the earth 
described round the sun at s, a focus of the ellipse. Upon 
A B describe the semicircle a q b. Let p be a position of 
the earth at any time, and draw the line q p n perpen- 
dicular to a b. Join s Q, s p, 
Q, p. Imagine now a body 
to describe the circular orbit 
A Q B in the same periodic time 
that the earth describes its 
elliptic orbit, and let both start 
together from a, the perihe- 
lion; also when this body is 
at M, let the earth be at p; the 

latter having got beyond the former on acco\mt of its greater 
Angular moUon near the perihelion. T\ie on^^ ko -m-Ss <i^^\ 
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the mean anomaly ^ and asp the true anomaly. If, then, the 
relation between these angles can be expressed, that is, if 
the true anomaly can be expressed in terms of the mean 
anomaly, the earth's real motion or the son's apparent 
motion in longitude is known. For, suppose the time taken 
by the earth in moving from a till it returns to it again be 
called p, and the time of describing the angle a o m be called 
T ; then, since the circle a m b is described uniformly, we 
have (if angle a a m = m), 

p 

and, therefore, the true longitude, if it can be expressed in 
terms of m, can be calculated. Now this can be done by 
means of an infinite series in terms of the excentricity of 
the orbit, but it is usual with astronomers to use an inter- 
mediate angle acq, called the excentrio anomaly, to effect 
this development. 

148. In fact, the mean anomaly can be expressed very 
simply in terms of the excentric anomaly, and the true 
anomaly can also be so expressed, and, for the benefit of such 
of our readers as are conversant vdth trigonometry, we will 
give the equations connecting these three quantities, as our 
reasoning wiU thus be rendered clearer. 

If wi, Uj and v be respectively the mean, the excentric, 
and the true anomaly, and e the excentricity of the orbit, 
then 

m = 2i — « sin. u 



and tan. i v = a/ ^ _ ^ tan. J- 14. 

144. We should be going too far beyond the limits of an 
elementary treatise if we attempted to show how, by means 
of the ^bove. equations, v is expressed irx, terms of m. It is 
sufficient tp say that it can be so expressed i^ a series whose 
first term is m, and that the other terms, involving powers of 
e and sines qf multiples of m, are easily calculable, because 
e is for all t^e planetary orbits very small. We get then an 
equation of this shape — 

» =: m + B, 

and this htier term is calculated for eack -^l^sieX. m ei^»e^<\s^ 
UbJ08 with the mean anomaly ^01 t'hft «ii^Ta^Ti\»> «^^ ^ 
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called the equation of the centre. This is the first of the 
equations or inequalities in the computation of the longitude 
of the sun or a planet, which is to be taken into account, 
and, if the orbits of the planets were strictly elliptical, it 
would be the only one. But, as we shall see presently, the 
action of the other large planets disturbs not only the plane 
of the orbit of any one of tiiem, but also the position of the 
body in the orbit, and other corrections, called perturbations^ 
must be applied to its longitude computed from the elliptic 
theory, before the true longitude can be obtained by addition 
of the longitude of the perihelion or aphelion to the true 
anomaly. 

145. There is one disturbance of the solar orbit which we 
shall have occasion to mention before proceeding further, and 
that is the progressive motion of the apogee or perigee, or the 
points of greatest and least distance from the earth, and as 
this is common to the other planets, we will take ihia 
opportunity of saying something of its physical cause. 

146. Let p be a posi- 
tion of the earth, or other 
planet near the perihe- 
lion A, and imagine that 
at p the force in the 
direction p s is suddenly 
increased by a small 
quantity, which soon 
^terwards ceases. Take 
p a in the direction of 
the motion at p to re- 
present the velocity, and 
a h parallel to p s to represent the deflecting force at p in 
the undisturbed orbit. Take also a h' to represent the 
increased deflecting force. Then it is plain that the planet 
will be made to move in a curve such as p h' a' lying within 
p bf and making at p a more acute angle than s p t with 
s p. With regard to its point of least distance then, or 
apse A, it will be as it were thrown back, since the angle 
B p T has been continually increasing in the progress of &e 
planet from b to a ; or, the place remaining the same, the 
apse is thrown forward as to a', or, in other words, the apse 
progresses, or goes forward in the direction of the motion. 

147. Again, soon affcer the planet has passed perihelion, if 
we suppose the defecting force to be suddenly increased, the 
direction of its motion, whicli theix ma\LftB wo. o^A^Ska^ ^si\gA 
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with the radius vector, will be changed, so as to make an 
angle more nearly equal to a right angle ; that is, the planet 
will be nearer to the apse of the disturbed orbit, and the 
apse still progresses. Hence, when the force drawing a 
planet towards the sun is increased near the perihelion 
position, the apse progresses ; and, by similar reasoning, il 
the force were diminished, the apse would regress, or go 
backwards contrary to the direction of the motion. 

148. Again, if the planet be near to, and approaching the 
aphelion b, the tendency of an increase of force will be to 
make the direction of motion more nearly perpendicular to 
the radius vector, or to bring the apse of the orbit backwards, 
or make it regress; and similarly, after the aphelion has 
been passed, the direction of motion will, by the disturbing 
force, make a more acute angle with the radius vector, or 
the apse will still regress. Finally, near the aphelion, if the 
gravitating force be diminished, the apse will progress.* 

149. Since, then, a disturbing force acting towards the sun 
produces opposite effects at the perihelion and aphelion, there 
must be some intermediate points of the orbit where the 
effect of a slight disturbance acting towards or from the sun 
wiU be nothing ; and other points where a nice determina- 
tion is necessary to determine what will be the effect. At 
present we are only concerned with the general explanation 
of the phenomenon, and with the general effect on the 
relative orbit of the sun and earth. By the action of the 
planets the radial force tending to draw the earth towards 
the sun is sometimes increased and sometimes diminished, 
but the mean, or average effect, is to make the apse progress 
by a minute quantity amounting to about 12'' in a year. 

150. This motion has been detected by comparison of the 
longitude of the aphelion calculated from observations of the 
sun at widely distant periods. The place of the perihelion or 
aphehon is, in fact, one of those elements of a planet's orbit 
which must be known before its place for an assigned epoch 
can be calculated. If the reader remembers the process 
which was sketched (in 144) for finding the longitude of the 
Bun, he will see that the elements really involved are — 

1. The mean anomaly, which depends on the mean 

motion, or the semi-axis major of the orbit. 

2. The excentricity of the elliptic orbit. 

8. The longitude of the perihelion or aphelion. 

♦ See Airy's " Gravitation,** i^a^e W, 
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151. In the case of the snn, which moves in the ecliptic, 
these are sufficient to determine the true longitude ; bnt, in 
the case of other planets, two other elements are necessary, 
viz. — those which define the position of the planes of their 
orbits with regard to the ecliptic. These are, the inclination 
of the plane of the orbit to the ecliptic and longitudes of the 
nodes — that is, of the points where the orbit cuts the ecliptic. 
The elements that are necessary, then, to determine the 
position of a body are, the mean distance, the excentricity, 
the longitude of aphelion or perihelion, the longitude of the 
node, and the inclination of the orbit to the ecliptic, and 
finally, the mean longitude at a given time. 

152. To return, then, to the consideration of the motion 
of the perigee of the solar orbit. By certain assumed values 
of these elements, derived originally from observation, the 
longitudes of the sun can be calculated, and compared with 
longitudes derived from observed right ascensions and polar 
distances. Hence, the errors of the calculated longitndes 
can be found, and can be again expressed in terms of the 
errors of the elements (for it is evident that the whole error 
in longitude is made up of the errors produced by each 
of the erroneous elements taken separately) ; thence a series 
of equations can be formed from which the corrections of 
the elements can be obtained, and a corrected value of the 
longitude of the perigee or apogee can be found. Imagine 
this to be done for two epochs as distant as possible, that is, 
as distant as will allow of two sets of trustworthy observa- 
tions. Two distinct values of the longitude of the perigee 
or apogee will thus be obtained, and the difference of these 
divided by the number of years, separating the observations, 
will give the apparent annual motion with regard to the 
equinox, supposed fixed. Correcting this for the precession 
of the equinoxes (See Chapter III.), we could obtain the real 
progression of the apse of the solar orbit, which we have said 
amounts to about 12" per year, 

158. Having thus treated of the theory of the solar motion, 
we will proceed to apply it to the explanation of the various 
measures of time used in civil life and by astronomers. For 
the purposes of common life, since our daily business is 
regulated by the times of the rising, setting, and culmination 
of the sun ; since also he regulates the return of the seasons 
in the same recurring order ; it is evident that our smaller as 
well as our larger measures of time, that is, our days and our 
j^ears, must he regulated by this lummary. kfi\xoiiOTfi\<(i»X\.'^ 
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Bpeaking, this method of measuring time by the son has 
its defects, on account of the irregularity of his motion 
with regard to the equator, but still no other can be found 
which would so well answer all those common needs which 
render requisite an artificial measure ; and hence astronomers 
have devised means of obviating the inconvenience of the 
irregular motion of the sun, and of still employing him for 
the purpose. It is not absolutely requisite that the clocks 
and the chronometers which are used to give ordinary indica- 
tions of the lapse of time, and which mmt go on the whole 
regularly or equably (at least, it is manifestly impossible to 
make them imitate or represent any periodical inequalities of 
motion), should denote exactly the position of the real sun 
with regard to the equator. If we could always find the 
position of an imaginary sun moving uniformly in the equator, 
and on the whole never deviating far on one side or the other 
from the real sun, it is plain that such an imaginary body 
would answer almost equally well. The mornings, that is, 
the interval from sunrise to noon, might sometimes be a few 
minutes longer or shorter than the evenings, or the intervals 
from noon to sunset ; and so we might (as we actually do) 
have very short afternoons before Christmas, when we should 
be glad of a longer duration of dayUght, b^t this is a very 
flight inconvenience contrasted with the advantages of an 
equable standard agreeing so closely with the sun. 

154. The mean sun, then, describes the equator with the 
Bun's mean motion or longitude, that is, it is supposed to 
describe on the equator daily an arc of 59^ 8"* 33, with 
a uniform motion ; while the real sun describes the ecliptic 
with a motion sensibly irregular, on account of the elliptic 
orbit. Hence, his motion, measured along the equator, is 
irregular on two accounts, — ^first, because his place being 
referred to the equator by a perpendicular arc drawn to it, 
his distances from the equinox, measured along the ecliptic 
and equator, are not equal ; and, secondly, on account of the 
unequal motion in the ecliptic. From both these causes 
conjoined the true sun sometimes passes the meridian before 
and sometimes behind the mean sun, that is, a dial which 
gives the true motion of the sun referred to the equator will 
sometimes point to twelve o'clock before and sometimes after 
mean noon. In fact, the real and the fictitious sun cross each 
other four times in the year. For example, in the year 1868, 
the mean noon coincided with the appareiit tiootdl, ^^ 5S^<snk\^ 
by the sun's transit on April 15, 3\nie \^.^ K»l^^\» '^^-^ ^^^s^S^ 
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December 24. The difference in time for any day between 
the transits of the real and fictitious snn is called the equation 
of time, and is given in the first page of each month of the 
** Nautical Almanac." 

155. Astronomers are, however, in the habit of nsing 
another measure of time, viz., sidereal time. A sidereal day 
is the interval between the departure and the return of a 
star to the same meridian, as the solar day is the interval 
between the departure and return of the mean or the real 
sun. A clock used in connection with the transit instrument 
is set so that its index shall denote 0^ 0™ ()■ (or nearly so) 
when the first point of Aries is on the meridian, and the 
sidereal time commonly used by astronomers denotes the hour 
angle (west) of this point, and is therefore affected by the 
equation of the equinoxes. As the effect of nutation causes 
the motion of the equinoxes to be irregular, sidereal time 
is not, strictly speaking, a uniformly increasing quantity, 
and might be distinguished into mean and apparent, in the 
same manner as solar time. But the smallness of the 
fluctuations arising from this cause (being only 2** 8 in a 
revolution of the moon's nodes, or 19 years) makes this 
refinement unnecessary, and therefore, in practice, sidereal 
noon is the instant when the true vernal equinox is on the 
meridian, and a sidereal day is, in practice, the interval 
between two successive returns of the equinox to the 
meridian. 

156. Since the mean sun moves in the equator from west 
to east, contrary to the diurnal motion, with a daily motion 
of 59' 8"-33, or, in time, of 3"» 56^-555, the mean solar day 
will be longer than the sidereal day by this quantity ; and, there- 
fore, 24^ of mean solar time are equivalent to 24™ 8^ 56*'665 
of sidereal time ; or, the ratio of a sidereal day to a mean 
solar day is as 

1:1+ ^"^ ^o^4h^^^ ' ^^ *^ ^ • ^'^^2738. 

167. We will now proceed to the explanation of the larger 
divisions of time. In very early ages some nations reckoned 
their years by synodical periods of the moon, or the intervals 
between successive conjunctions with the sun. A Itmar year 
with them was this interval between successive conjunctions, 
the time of new moon admitting of tolerably accurate ob- 
servation. But the greater number of civilised nations have 
^oA'en a revolution of the son as the imit iox l^ieVx ^e^^Vkou*^ 



LENGTH OF THE YEAR. 81 

it required some progress in astronomical knowledge before 
this coidd be rendered an accurate standard. It is evident 
that the interval of time that was wanted was that in which 
the sun after leaving the equinox returns to it again, for on 
this the return of the seasons depends. This measure of time 
is aptly called the tropical year. The sidereal year is in like 
manner the time between the sun's departure from and return 
to a fixed star or other fixed point in the heavens. Finally, the 
anomalistic year is the interval between the departure of the 
sun from the perigee or apogee of his orbit till his return to 
it again. 

158. Now, as the equinox goes backward annually to meet 
the sun by a quantity amounting to 60"*224, the sidereal 
year is longer than the tropical year in the proportion of 

60-224 
860*^ : 860^ — 60''-224, or as 1 : 1 — 1296000' ^^* i^^arly as 

50-224 
1 + 1296000 • 1 5 ^^ ^"^ 1-00003875 : 1. 

But, according to Bessel, the tropical year (which is 
subject to a very slow variation) was, at the beginning of 
this century, equal to 865^ 5*» 48" 47'*819, the days being 
of course mean solar days. Hence a sidereal year is longer 
than this by 20" 22"9304, or is equal to 865^ 6** 9» 10--749. 
This result the reader may verify for himself. 

159. Again, the sidereal year is shorter than the anoma- 
listic year in the proportion of 1 : 1 + z^^^zz;: I or of 

1 : 1-00000926, and the reader may readily calculate its 
length. 

160. We have not much space to devote to the consi- 
deration of the formation of the calendar, or the means 
taken to prevent the accumulation of error in the course of 
years on account of the hours, minutes, and seconds, which, . 

, over and above the 865 days, make up the tropical year ; 

. but we can give a few words of explanation. If we were 

^ to assume the year to consist of 865 days instead of its exact 
amount, an error amounting to very nearly a day would be 
entailed every four years, and this in a century would throw 
the minor divisions very nearly a month out with regard 
to the seasons. It was, in fact, this accwxaxsi'a.V^^ ^srt'^rt^ 
amounting at the time to ninety days, 'w^os^Xft^ lo ^iJsia'S^^^ 

correction, so called because of its ce\^\>T«>X»^^ ^xiJOftSst,'^^^^^^'^ 

e3 
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Caesar, who carried it into effect about forty-five years before 
the Christian era, with the assistance of the Egyptian astro- 
nomer Sosy genes. This correction consists in intercalating, 
or adding, a day in February every fourth year ; that is, 
making every fourth year to consist of 866 days instead of 
865 days, and the corresponding February to consist of 
twenty-nine days instead of twenty-eight days. The year 
thus augmented was called by the Eomans bisseoptUe, and is 
now here familiarly called leap-year. But it is evident 
that even now the correction is imperfect. It is based on 
the supposition that the average year consists of 366 days 6 
hours, which exceeds its true amount by 11 minutes 12 
seconds. The correction is therefore too great by nearly 
^'^9 or by 3*2 part nearly. Hence arose the Gregorian 
correction devised by Pope Gregory XIII., in the year 1582, 
which was adopted in Catholic countries in the sixteenth 
century, but not in England till the year 1752, when the 
calendar, which was wrong by 11 days, was corrected, and 
the New Style commenced. 

161. The Gregorian correction consists in omitting three 
leap-years out of one hundred ; that is, in omitting one leap- 
year at the beginning of three successive centuries, and 
retaining it at the commencement of the fourth, and is 
equivalent to subtracting y^ part from the Julian correction 
to the year. Now we saw that the quantity really wanted 
is ^3 part, and the difference is so small that it will not cause 
an error of a day in four thousand years. The leap-years 
are those which can be divided by four without remainder 
(thus 1868 was a leap-year), and the remainder after dividing 
any other year by four will indicate the number of years 
since the last leap-year. The Gregorian correction omits the 
intercalation of the day in the secular years 1700, 1800, 
1900, but retains it for the next secular year, 2000, and so 
on, repeating the omission of the intercalation every fourth 
century : and the rule for determining which of the years 
commencing centuries are bissextile and which are not, is 
analogous to the former ; omitting the last two ciphers, if 
the remaining number is divisible by four the year is bissex- 
tile, but if it be not so divisible the year is not bissextile.* 

162. We have now concluded our remarks on the theory 
of the apparent motion of the sun, and its application to tho 

*" For a very valuable article on the Calendar and the Theory of 
Chronological ilpocba, see Sir J. HerscheVB ** OuUineaoi K&^aranAxa^;* 
pu-t ir. chap, xviii. 
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measure of time, and it remains that we give a short account 
of what is known of the physical constitution of this 
wonderful body, and its relation to us with regard to our 
comfort and convenience. 

163. Our attention is first drawn to its size and mass ; and 
the principles already explained will enable the reader to see 
that we can directly measure these elements. The solar 
parallax has been accurately measured, and according to 
recent investigations amounts to 8"-93. This, the reader 
will remember, represents the angle which the semi-diameter 
of the earth would subtend at the centre of the sun, and from 
this the distance is easily deduced. 

B 



® 



Thus, in the above figure, if s be the centre of the sun, and 
o that of the earth, o e the earth's equatorial semi- diameter, 

Then, s o = e o x cotan. e s o. 

= E X cotan. 8"-93. 

By calculation, the distance s o will be found to be 23,098 
times the length of the earth's semi-diameter, or, in round 
numbers, to above 92,400,000 miles. Now the mean value 
of the sun's angular diameter, as seen from the earth, is, 
according to Bessel, 32^ 1"'8. Hence it is evident that 
the diameter, expressed in miles, will be 184,800,000 x 
tan, 16' 0"*9, that is, to twice the distance multiplied by the 
angular semi- diameter. This gives for the actual diameter 
of this stupendous globe, expressed in English miles, the 
almost incredible value of 860,900 miles. It will perhaps 
assist the reader in forming an idea of the real size of the 
diameter of the sun, thus set down in figures, if we compare 
it with the dimensions of the lunar orbit. The mean dis- 
tance of the moon is about 240,000 miles. If then, we 
imagine the centre of the earth to coincide with that of the 
sun, the surface of the latter body would not only include the 
lunar orbit, but would extend almost as far beyond. The 
mass of this body is no less wonderful (our readers who have 
read the Eudimentary Treatise on Mechanics will be familiar 
with the astronomical meaning of the term mass). Since all 
bodies in nature gravitate towards each other, the energy or 
force with which one body of the ^oVat «^^\.«a\. ^iOv»T^^% ^"^ 
draws any other is represented V>7 \^i\^\.erDi^ ^s^^ '^ ^^'^ 
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matter of wMch the attracting body is composed be homoge- 
neous, the mass would be proportioned to the quantity of 
matter, though this latter idea belongs more to bodies of 
small size, which we have occasion to compare on the surface 
of our own planet. However, in astronomy, the attracting 
t force only of a planet on another is meant by the term, and 
this is measured, as we have had occasion to explain (188), 
by the space through which the attracted body is deflected 
in a given time, or by the curvature of its orbit. On this 
depends the time of revolution of the planet, and conversely 
the known times of revolution of planets which have satellites, 
compared with the times of revolution of the satellites round 
their primaries, are used for determining the mass of the sun. 
Thus if M, m, and m' be the masses of the sun, the earth, 
and the moon, and a and a the semi-axes of the solar and 
lunar orbits, then if t and t represent the times of revolution 
of the earth round the sun and of the moon round the earth, 
that is a sidereal period of each of these luminaries ; we shall 
have (140) 

T»=l^[li!, and*>= ^^'^' 



Hence, 



M -\- m w + wf 

M + m _ A^ t^ 



m + in' a? ' t* 

Now, the radii of the lunar and solar orbits are in the 
proportion of 240,000 : 92,400,000, or as 1 : 885 ; and the 
revolution of the moon round the earth is to that of the 
earth round the sun in the proportion of 1 : 18*4 nearly. 

Hence, ^i±^ _(385)^ ^ 817,810 nearly. 

m + m' (18-4)2 ^ 

And as m is so small compared with m, we may safely 
neglect it in making this comparison. 

Therefore, m = 817,810 x (wi + m*) 

that is, the mass of the sun is approximately three hundred 
and eighteen thousand times the sum of the masses of the 
earth and moon. 

164. To form some idea of the effect of this enormous dis- 
proportion of masses, let us assume that m = 818,000 x w», 
thQ mass of the moon being small, and try what will be the 
proportion of the pressure exerted on two individuals, one 
on the surface of the Bvm, and the othex oii\^f)A. oi \2ti^ ^vc\}^. 
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The effects of the masses will be the same as if the same 
energies were exerted at the centres of the sun and earth, 
and will be inversely proportioned to the squares of the dis- 
tances from the centres to the surfaces, that is, to the squares 
of the semi-diameters. Let b and r be the semi-diameters of 
the sun and earth, p and p the pressures exerted on the 
same particle of matter at the surfaces, 

Then, P = |Land;)= J 



Hence, 



p 




M 




y.2 




^^~ 




X 


B'* 


? 




m 





= 818,000 X 
_ 818,000 



(4000)»^ 
('480,460)^ 

nearly 



(108)^ 
= 274 nearly. 

Hence a man weighing 150 lbs. at the earth's surface, 
would be, at the surface of the sun, pressed towards the 
centre with a force equivalent to 27^ X 150 lbs., or to nearly 
two tons. In fact, he would be completely crushed by his 
own weight or gravitating tendency. The same reasoning 
will apply to some of the planets which have satellites, and 
the result is that there is no known planet but the earth, 
which is adapted for the muscular energy and temperament 
of man and the other animals, and hence we have a beautiful 
specimen of design and of the adaptation of the globe which 
we inhabit to the nature and constitution of its inhabitants. 

165. The vicissitudes of the seasons are regulated by the 
elevation or depression of the sun in his annual circuit above 
or below the equator. Thus at midsummer his elevation 
above the equator is about 28^*^, being equal to the obliquity, 
or inclination of the ecliptic to the equator. At midvErinter 
he is depressed below the equator by the same quantity* 
Finally, at the vernal and autumnal equinoxes he is situated 
in the equator, being then at the points of intersection of the 
equator and ecliptic. 

166. We will show by a diagram the effects produced on 
the length of the day and night by these circumstances. Let 
T, T^ T^^, T^^^, represent four positions of the earth, corre- 
sponding to the summer solstice, the waL\.\3LTCLii^ ^ojcibs^Q^^'^^^ 
winter solstice, and the vernal ec^wmox, m Vw^ ^^^scosi^ ^-^ss^ 
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ronnd the snn, s ; let ^9 'p* be the axis of rotation continuing 
always parallel to itself, and let ^ ^ be the equator. Then 
at T the sun is above the equator by the angle s t ^, or 
by the obliquity (23^*^), and if we draw a d perpendicular to 
s T, the shaded portion of the globe represents the part on 
which the sun's light cannot fall, or where night exists, and 
the unshaded portion represents the illuminated hemisphere, 




or the portion where day prevails. Hence by drawing 
small circles parallel to the equator, we observe that for all 
parts above a, that is, in the northern arctic regions, there is 
no night, and that for all parts below ct^ that is, for the 
southern arctic regions, there is no day ; — for any point above 
the equator, the days are longer than the nights by the 
greatest possible quantity ; — and for any place in the southern 
hemisphere the nights are longer than the days by the 
greatest possible quantity. All these phenomena will evi- 
dently be reversed at t,,, or the winter solstice, where the 
north pole is tamed away from the sun, and the south pole 
ituned towards him. FincJly, at t^ and t ,,,, ox ai\.\Xift ^cjoMicrtft^^ 
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the days and nights are eqnal throughout the globe, since 
the haK of any circle of latitude is half in Hght and half in 
darkness. 

167. With regard to the physical peculiarities of the surface 
of the sun, our knowledge is derived from telescopic observa- 
tions. If the image of the disk be projected on a screen in 
a darkened chamber, or if it be viewed directly through a 
telescope of which the eye -piece is provided with coloured 
glasses for the protection of the eye, it will be generally 
found that the disk is not uniformly bright, and that in some 
places spots {macula) of absolute darkness occur upon it. 
These spots vary exceedingly at different times. At some 
periods large groups of these spots suddenly break out and 
continue for a considerable time, while at other times the 
disk is comparatively clear for a long period. They are 
exceedingly irregular in their form, but they all, when of any 
magnitude, agree in having the middle portion of intense 
blackness, while the margin is surrounded by a penumbra 
only partially shaded. If the attention be directed from day 
to day to any remarkable spot which has appeared near the 
sun's eastern borders, and its position be mapped down on a 
circle drawn on paper, it will be found to have a motion in 
an elliptic curve from east to west, increasing in rapidity as 
it approaches towards the centre, and becoming very slow 
near the western border. From such observations it becomes 
evident that the spots are not bodies revolving round the 
sun, but that they exist upon his surface and revolve with 
him. They can frequently be observed during at least one 
or two revolutions, and in rare instances they have been 
watched during several ; but small ones frequently disappear 
in the course of a few days. Advantage has been taken of 
the durations of these revolutions for the determination of 
the time of rotation of the sun. The problem is difficult and 
not adapted for a popular treatise ; and the reader may be 
' referred to Sir J. Herschel's ** Outlines of Astronomy" for an 
excellent sketch of the method by which the time of rotation 
is deduced. We will content ourselves with simply recording 
the results. According to the best recorded determinations, 
the inclination of the sun's equator to the ecliptic is about 
70 20®', the longitude of the ascending node being 80** 21', 
and the period of rotation is 25^ 7** 48". 

The spots are generally confined to the neighbourhood of 
the sun's equator, and are never lownA. m VJcl^^ ^<A"Kt x^^^'cras.N 
they are also frequently found anan^e^^ m '^[^^ xaajos^e^ ^^^ 
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belts parallel to the eqnator. These circnmstances seem to 
indicate that they owe their origin to the rotation, and are 
produced by disturbances in the solar atmosphere occmring 
much in the same way as storms above the surface of our 
own planet. Sir William Herschel's hypothesis concerning 
their formation, which is based on these circumstances, is 
the following. He supposes '^ luminous strata of the atmo- 
sphere to be sustained far above the level of the solid body 
by a transparent elastic medium, carrying on its upper surfEtce 
(or rather at some considerably lower level withm its depth) 
a cloudy stratum, which, being strongly illuminated from 
above, reflects a considerable portion of the light to our 
eyes, and forms a penumbra, while the solid body shaded 
by clouds reflects none. The temporary removal of both 
the strata, but more of the upper than the lower, he supposes 
efiected by powerful upward currents of the atmosphere, 
perhaps from spiracles in the body, or from local agita- 
tions.'* * 

168. In connection with the macula, or spots, another 
singular phenomenon is witnessed on the surface of the sun, 
which consists in strongly-marked curved or branching 
streaks or lines, brighter than the surface in the neighbour- 
hood, called facula. They are most commonly seen near 
the borders of the disk, and are either in the neighbourhood 
of large spots or are precursors of their formation. They 
bear every appearance of a violent agitation in the luminons 
atmosphere or envelope of the sun. 

169. Some additional and most interesting knowledge of 
the constitution of the solar atmosphere has been gained by 
the observations of total eclipses of the sun, and especially 
by the well-organised series of observations which were made 
along the line of totality of the eclipses of 1851, July 28 ; 
of 1860, July 18 ; and of 1868, August 17-18. 

The eclipse of 1851 was total for several countries in the 
North of Europe, and especially for Sweden, Norway, and 
parts of Prussia and Poland. Parties of observers, well 
furnished with instruments and with elaborate instructions 
for the observation of every phenomenon which former 
experience had suggested, were despatched from England, 
France, and Germany, to the various towns and stations (pre- 
viously selected) which could insure the full observation of 
the phenomena in all possible phases. The circumstances were 

*■ Sir J. Herschera "OutlmeBj^ ipag^'i'ia. 
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exceedingly favourable, the moon being near perigee, and the 
eclipse occurring early in the afternoon, when the sun was 
high. 

The results fully answered the expectations which were 
formed concerning it. All the observers agree in the main 
features of this grand and terrible phenomenon, while the 
variations, arising from their differences of locality, give 
much important information concerning some circumstances 
which could not have been obtained at any one station. As 
soon as the disk of the sun was completely hidden by the 
moon, a bright corona of white light, similar to that of an 
aureola or glory, was seen round the border of the moon, 
now appearing like an intensely black patch in the sky. 
Bound the black circle of the moon, at irregular distances, 
were seen bright and mountainous, or rather flame-like, pro- 
tuberances. The greater number of these, according to the 
accounts collected from the different observers, seemed to be 
in contact with the moon's limb, and were broader at the 
bottom than at the top, but one at least was seen distinctly 
separated, and suspended, as it were, in the atmosphere 
snrroimding the sun. In one direction, many observers 
agree in noting a large red sierra, or long mountainous- 
looking range, with an irregular tooth-like edge. Another 
protuberance had the shape of a sickle with the top broken 
off, and with another irregular-looking mass very near it, but 
neither in contact with it nor the moon's edge. Such pro- 
minences as were near that part of the sun's limb towards 
which the moon was moving, were observed to decrease in 
height (the moon passing over them), while those on the 
opposite part of the limb increased in height. It is evident, 
therefore, that these wonderful phenomena belong to the sun 
and not to the moon, and it is probable that they are of the 
nature of illuminated clouds suspended in the atmosphere 
surrounding the luminous envelope. There is little doubt 
also that the luminous ring or corona belongs to the sun and 
not to the moon, though its boundaries are so vague (the 
light becoming gradually weaker as the rays recede from the 
centre) that it was impossible in general to determine whether 
it was concentric with the sun or with the moon.* (See 
Vignette.) 

The interest which was excited by the observations of 
the eclipse of 1851 induced astronomers to look eagerly 

* See N'otiee of the Royal Astronomical Societi^ iot ^wi^sax^ ^^V^VL^ 
ior the collected accounts of observatioiia. 
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to the next great eclipse which would he visihle in 
Europe, namely, that of 1860. The central line in this 
instance passed across Spain, and the British Government 
put at the disposal of the Astronomer Eoyal, and other 
astronomers who intended to ohserve it, the large steamer 
Himalaya, At some of the important stations, as at those 
chosen hy the Astronomer Royal and Mr. Warren De la Rue, 
the circumstances of weather were favourahle, and excellent 
physical observations were made, confirmatory of those made 
during the eclipse of 1851. In particular, it was proved 
beyond a doubt that the red prominences belonged to the 
limb of the sun, and not to that of the moon. Mr. De la Rue 
succeeded in his attempts at photographing the various phases 
of the eclipse to such an extent, that several minute particu- 
lars were found registered in the photographs which would 
have otherwise escaped, and measures were afterwards made 
from them of the distances of the cusps and limbs, rivalling 
in accuracy the most refined micrometrical measures. Mr. 
De la Rue's detailed account of the eclipse formed the 
Bakerian Lecture of the Royal Society for the year 1862, and 
will be found in the Philosophical Transactions for th^t year. 
Another excellent account is that by M. Bruhns, of Leipsic, 
in the Astronomische Na,chrichten, No. 1292. 

The last total eclipse, namely, that of August 17-18, of 
the preceding year (1868), was central over the continent of 
India and some of the islands of the Indian Ocean, and was 
of very great importance, on account of the time of totality 
for stations on the central line being almost the greatest 
possible. Several expeditions were organised for observing 
it, and, amongst them, two English ones may be mentioned. 
The first was originated by the Royal Astronomical Society, 
and was put under the charge of Major Tennant, whose 
observing station was at Guntoor, on the Bay of Bengal ; 
the second was organised by the Royal Society, and was put 
under the charge of Lieutenant J. Herschel, R.E., whose 
station was at Jamkandi. An Austrian expedition chose 
for its station a position near Aden, on the Red Sea; aai 
the North German or Prussian expedition chose nearly the 
same locality. 

Two or three French expeditions were sent out, of which 

one was under the direction of M. Stephan, the astronomer 

at Marseilles, who observed at Whatonne, on the Malaccan 

peninsula; and another under that of M. Janssen, who 

observed at Ountoor. This eclipae \a e\^«^^ t^th^V- 
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able for the important discoveries which have been made 
with respect to the nature of the red prominences seen 
in every total eclipse round the borders of the sun by 
means of the spectroscope. A short account of spectrum 
analysis will be given in an appendix to this volume, 
and for the present it may be sufficient to state that the 
observations made during the eclipse prove that the red 
prominences consist of incandescent gases ; but the observers 
do not appear to be quite certain of their exact nature. 
Another remarkable discovery has been made almost simul- 
taneously by Mr. Lockyer and M. Janssen, namely, that it is 
practicable to obtain spectra of the red prominences at all 
times when the sun is visible, and not only during a solar 
eclipse. 

170. The last phenomenon which we have to notice in 
connection with the sun is the zodiacal light. If we look at 
the western part of the sky on a fine spring evening after the 
setting of the sun, we observe a brightness which we feel at 
first tempted to attribute to the still lingering twilight, 
except that it is considerably more intense ; but, if we con- 
tinue to watch this bright part of the sky till the sun has 
gone down so far as to prevent any of his rays from being 
reflected or refracted by our atmosphere, or till all efiect o{ 
twilight has disappeared, the light still remains, and its 
intensity may be judged of by comparing the western with 
the eastern sky. The one exhibits a fine straw-coloured 
glow of light, fading away and becoming lost about forty or 
fifty degrees from the horizon ; the other exhibits the dark 
blue which is characteristic of the sky during a fine winter 
night. This light is broadest at the horizon, and tapers away 
gradually till it is finally lost in a point nearly in the direc- 
tion of the ecliptic. Indeed, if it be accurately observed, it will 
be found to have the ecliptic nearly for the axis of its lenticular 
or conical figure, and will be seen, if Venus be in the sky, to 
extend beyond her. It is very faint in this climate, and it 
is very difficult to determine the exact limit at which it 
terminates ; and though it evidently attends the sun — ^being 
always observed in the direction of the ecliptic or sun's path, 
preceding him in the morning, before sunrise, in the autumn 
months, and lingering behind him, and lengthening our 
twilight, in the spring, after he has set in the evening — yet 
philosophers have not been able to form any satisfactory 
theory concerning it. It is one oi \\io^ek ^orcAex"^ ^"i *^^^ 
heavens which, for the present, "we "oiu^Xi \iek cQrDN»«Q^ "=^^is^ 
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admiring, in the hope that the progress of science will, at 
some future time, give. us some information respecting its 
cause and formation, and give us additional means for adoring 
in His works the great Architect of the universe, who hy His 
word made and placed in this wonderful order all these orhs 
of heaven, whose motions it is the highest praise of man's 
intellect partially to understand and explain. 

171. From the action of the rays of this great hody, the 
sun, arise all the motions that are discovered on the surface 
of our planet. To the disturbances in our atmosphere, pro- 
duced by the unequal action of the heat coming from him, 
we owe the breeze that refreshes us in summer, and the 
storm that drives away infection from our dwellings. By 
his agency water retains its Hquid properties, and the rains 
which he has forced from the clouds descend to the sea, 
again to be raised in vapour for the renewal of the same 
fertilising process. His action forces the sap into the vessels 
of trees, shrubs, and vegetables, and covers the earth with 
verdure and plenty. He is turned to us obliquely in winter, 
and his action is partially suspended : the rivers then become 
congealed and the moisture of the ground is converted into 
ice; snow covers our fields, and protects while it covers 
them. The action of the teeming earth is for a time usefully 
suspended to gather fresh strength for the coming season, 
when the sun's increasing warmth shall renew the energies 
of vegetation, and the trees shall again put forth their buds 
and their leaves : Nature then bursts forth again, as if re- 
freshed with her long wintry sleep, and the marvellous 
economy of agricultural processes is renewed for the benefit 
of mankind. 
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172. Next to the Sun, the most interesting body in the 
Bolar system is the Moon. Independently of its use in regu- 
lating our minor divisions of time — that is, by the divisions 
of the year into months — it is of incalculable use in nautical 
science, and its motions afford the only means for the accurate 
determination of the place of a ship on the ocean, or for 
measuring the terrestrial longitude reckoned from a fixed 
point of departure. The proximity of this planet also is 
another interesting feature in all our discussions concerning 
her. By means of observations made with good telescopes, 
her surface has been mapped with almost the same accuracy 
as that of the earth ; every prominent or conspicuous point 
is laid down in the lunar charts with the same fidelity with 
which our own mountains, and seas, and rivers have been 
depicted ; the heights of her mountains have been measured, 
and the physical peculiarities of her surface are now tolerably 
well known. 

173. On all these accounts the knowledge of the motions 
of our satellite becomes an object not only of very great 
interest, but of absolute necessity. The theoretical astro- 
nomer speculates upon the peculiarities of her orbit for the 
advancement of abstract science, but the merchant and the 
sailor reap the reward of his labours in the safety of precious 
cargoes and still more precious lives ; and, without her aid, 
our ships, instead of fearlessly traversing the ocean from pole 
to pole, would probably even now be incapable of performing 
long voyages, but would content themselves with exchanging 
commodities and intelligence between well-known and 
neighbouring shores, 

174. We arrive at a knowledge oi \^i^ e\i\<bi ^^QijscJMe. ^*^^ 
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the Innar orbit in the same manner as for that of the son, 
that is, by observations carried on from day to day. The 
most careless observer cannot but take notice that her place 
in the heavens varies rapidly from one day to another ; that 
she has in fact a daily motion from west to east, or in 
opposition to her diurnal rotation, of about three-quarters of 
an hour — that is, that her time of arriving at the meridian is 
on the average retarded daily by that quantity. By simply 
mapping out her path in the heavens on a globe by means of 
the known stars that happen to be near her, from night to 
night, it would be easy to see that the apparent path in the 
heavens is nearly a great circle of the sphere, and that this 
great circle makes a smaU angle with the ecliptic. If, indeed, 
we were to apply the corrections to her observed right 
ascensions and declinations which are due to refraction, 
parallax, &c., according to the principles explained in 
Chapter HE., we should find that her path was accurately 
enough for one revolution a great circle inclined at an 
angle of very nearly 28^^ to the equator, or of 6® to the 
ecliptic. 

175. By observations also made near the time of her 
crossing the ecliptic, where her latitude is nothing, the calcu- 
lated longitudes and latitudes will afford means, by simple 
proportion, of determining the longitude of the point where 
she crosses the ecliptic, that is, the longitude of her node. If 
also observations be continued through several revolutions, 
and the longitude of the node be thus determined, it will 
be found that this point is not fixed, but has a hackvoard 
motion along the ecliptic, similar in its character to the 
precession of the equinoxes, but incomparably more rapid. 
In fact, observations continued throughout the space of 
several years show that the nodes regress through the 
whole circle, or come back to the same point of the ecliptic, 
or perform a revolution, in the space of rather less than 
nineteen years. 

176. Again, when we inquire into the nature of the curve 
which she describes round the earth in the plane of her 
orbit, observations of a similar character to those detailed in 
our chapter on the solar motion will show us that her orbit 
is on the whole elliptical, thus obeying Kepler's Mrst Law ; 
and a comparison of her velocity (measured by her daily 
change of longitude), when at her greatest and least distances 

(determined by her apparent diameters measured at those 
times), will show us that Kepler's Secon^L "Lacw oi ^^^Mvr 
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motion is also obeyed : viz., that the areas swept out by the 
radii vectores are proportional to the times. 

177. A comparison also of the greatest and least diameters 
will show that the excentricity of the ellipse is about 0'0635. 
Thus, if p and a be the 
perigee and apogee of the 
orbit round the earth t 
(that is, the points of least 
and greatest distance), o 
the centre of the ellipse, 
then T is the excentricity, 
supposing A 0, the mean 
distance, to be unity. Let 
Dj and Dg be the observed 
diameters at p and at a : 

Then, = — ^: or, ■= — ; — = — ^; whence, e = -^ — ; — ^ 

'at d, ' ' 1 + e D, ' D, + Dg. 

If Di = 83' 30", and Da = 29' 30", which are nearly the 

4 
limiting observed values of the diameter, e = -— = 0*0635, 

63 
agreeing with the value given above, 

178. Now, if the longitudes of the perigee and apogee of 
the orbit be observed, by means of the knowledge gained by 
the variations of the diameter, or, which is better still, by 
the variations of her velocity or daily increase of longitude, 
it will be found (as was the case in the solar orbit) that 
these points are not fbced, but have a direct motion, that is, 
in the direction corresponding to increase of longitude, so 
rapid as to carry them round the whole circle in about nine 
years. This revolution of the perigee, like that of the node, 
is not uniform, that is, it is sometimes quicker and sometim.es 
slower than its mean value, and sometimes even regressive ; 
and it hQ,s a secular variation, that is, its mean motion, 
derived by obpervations made at two distant epochs, would 
not agree with the mean motion determined by observations 
made at other two distant epochs. But at the beginning of 
the present century, the motion was such that the time of a 
tropical revolution of the perigee was 3231-475 days. 

179. There is still one more peculiarity of the motion of 
the moon to be taken notice of, viz., the acceleration of the 
tnean motion. For example, if the moon*s place be cotjq.y^'^^ 
without regard to the acceleration, iot \3[ift e^oc\i <ii «cl'?>.\:issv«c^» 
eclipse, such as the Babylonian eclipses Ix^-a^ific^^*^^ "^^ ^^^ 
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by Ptolemy, which were made several centuries before the 
Christian era, we find the longitude thus computed to differ 
by nearly a degree and a half from the longitude computed 
by the conditions of the eclipse, that is, by the known relative 
positions of the sun and moon. The moon's place, computed 
by the eclipse, is in fact in all such cases greater than that 
computed from the tables ; that is, the tables have thrown 
the moon's place too far back, or too great a mean motion 
has been allowed. This accelercUion of the mean motion of 
the mx)on was first discovered as a fact of observation by 
Halley, and its physical cause was afterwards deduced from 
the theory of gravitation by Laplace, and was shown to 
depend on the secular diminution of the excentricity of the 
earth's orbit. It is a very remarkable example of that class 
of equations or corrections of long period, known by the 
name of secular equations. Though it has existed since the 
earliest ages of astronomical observation, still it is periodical 
and not permanent ; that is, after a great number of ages it 
will be reduced to nothing, and after that the motion, instead 
of being axicelerated, will be retarded, through an equally long 
period. If the fact were otherwise, the moon must, in 
however remote a period, be drawn in towards the earth with 
a still accelerated motion, and would at length be attracted 
to and fall on its surface. The motion of the node and that 
of the perigee are also both subject to secular equations, 

180. The above remarks will serve to show how the 
motion of the plane of the lunar orbit and the motion of the 
moon in that plane have been observed. By refined pro- 
cesses depending on such observations, the value of each of 
the foregoing elements has been obtained with very great 
accuracy. Thus, for the beginning of the present century 
(1801), the longitude of the ascending node was 13^ 58' 22'', 
and its time of revolution round the ecliptic was 6798 days, 
or about eighteen years and six months ; while the time of a 
synodic revolution, that is, the interval between two succes- 
sive meetings with the sun, was 846*62 days, the node having 
gone backwards on the ecliptic to meet the sun through an 
arc of 19** 20', nearly. The mean inclination of the lunar 
orbit to the ecliptic is about 5^ 8' 48", and it varies from 
about 6** to 5*^ 17'. The direct motion of the perigee for 
the beginning of the century was, as has been said before, 
such as to complete a tropical revolution (that is, setting out 
Irom the equinox and returning to it again) in 8281*475, days. 
161, The time of revolution oi t\i© TXiOOii\xi\x«t whit may. 
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as in the case of the sun, be distinguished into tropical, 
sidereal, and anomalistic. The time of a tropical revolution 
is the interval between the departure of the moon from the 
equinox till its return to it. The time of a sidereal revolution 
is the interval between the departure from and return to the 
same point of the heavens. And an anomalistic revolution 
comprises the time between the departure from perigee or 
apogee till the return to it. In addition, for the moon we 
have a synodic revolution, that is, the interval between the 
departure from and return to conjunction with the sun, which 
depends on the relative motions of the two bodies. We 
have not space in so brief a treatise to repeat the reasoning 
by which these values are derived from the tropical period 
by means of the elements given above. It is sufficient here 
to give the values, leaving the student to exercise himself by 
deducing them one from the other. 

182. By very exact observations of the mean motion of the 
moon with regard to the equinox made at the interval of a 
century, it is found that the value is 18^ IC 35" ; hence 
the time of describing 360**, or that of a tropical revolution, 
is 27^ 7^ 43™ 4''-7. 

183. From this can be deduced, by means of the values 
of the sun's mean motion, the annual precession, and the 
motions of the lunar node and apogee, the following values : — 



Time of Synodic revolution 
„ Sidereal revolution 

Anomalistic revolution 



d. 


h. 


m. 


8. 


= 29 


12 


44 


2-8 


— 27 


7 


43 


11-6 


= 27 


13 


18 


37-4 


= 27 


6 


5 


35-6 



,, Draconic revolution, or revo- 

lution with relation to the [^ = 27 
node 

184. Thus far we have considered the moon to move in an 
elliptic orbit which may be considered to be described in a 
plane having a direct motion of revolution round an axis 
passing through the earth's centre, while its point of inter- 
section with the ecliptic retrogrades, and its inclination to 
that plane has periodical changes. But this supposition is 
only approximately true. The moon does not move truly in 
Buch an ellipse, and it is only for convenience, or for the 
greater facility of calculation of her true place, that she is 
supposed to do so. If, for example, we were to take the 
elliptic elements for a given epoch, and, by the knowrL ^^Vvssv 
of the excentricity, construct, as m VNi^ c?v.^^ c?l *v^^ '^v^^ 
orbit, a table of the values oi t"he equatiou oj tAve cc^xXye,'^^^ 
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quantity added to her mean anomaly would not give her true 
place in the heavens for any given time, after making every 
allowance for the retrogradation of the node, the variation of 
the inclination of the orbit, and the progression of the apogee. 
In fact, we should find, by a very simple comparison of cal- 
culated and observed places, that the calculated place was 
sometimes considerably in advance of, and sometimes behind, 
the observed place. 

185. The first and largest of the inequalities thus dis- 
coverable by observation is called the evection, and was 
discovered by Ptolemy, having escaped the observation of his 
celebrated predecessor, Hipparchus. In fact, Hipparchus, 
whose observations of the moon were made only at conjunc- 
tion and opposition, had no opportunity of recognising the 
evection, because at those times it became confounded or 
mixed up with the equation of the centre, and simply showed 
too small a value of this equation, or of the excentricity of 
the orbit. Ptolemy, however, who observed the moon at 
quadratures, that is, at 90^ distance from the syzygies or 
conjunctions and oppositions, discovered the true law of the 
inequality, which has for its argument twice the difference of 
the longitudes of the moon and sun, minus the moon's mean 
anomaly, and varies as the sine of this quantity. Its greatest 
value, or the co-efficient of the preceding argument, is abou^ 
1^ 20' 29"-5. 

186. The physical cause of the evection, and indeed of 
almost all the inequalities of the moon, except the equation 
of the centre, is the disturbance produced by the sun's action 
on the relative orbit of the earth and moon, and of this we 
will attempt a brief explanation. It admits of easy proof 
from observation that this inequality depends on the position 
of the line of apsides, that is, of the major axis of the lunar 
orbit ; for, if this line be in syzygy, that is, coincident with 
the line joining the sun and earth, the moon, after moving 
from apogee through a quarter of her orbit, that is, to 
quadratures, will be found behind the place computed from 
the equation of the centre by more than a degree, but if the 
line of apsides be in quadrature, her true place, some days 
after quitting the apogee, will be found to be before the 
computed place -by nearly the same quantity. Imagine 
now the line of apsides to be in syzygy; then, since the 
moon moving from apogee has been found behind her 

computed place, too small a correction has been subtracted 
fer the equation of the centre, or the e(\\io.\.\OTi oi Vk^ ^eo^x^ 
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IS apparently increased, denoting an increase of excentricity. 
If, on the contrary, the line of apsides be in quadrature, the 
equation of the centre, and the excentricity, would appear to 
be diminished. Hence the observed effect of the evection is 
to increase the excentricity of the orbit when the apsides 
are in syzygy, and to diminish it when they are in quadra- 
ture. 

187. Let us now consider whether the action of the sun 
in disturbing the lunar orbit will give an adequate explana- 
tion of this and other observed inequaUties. For simplicity, 
we will first suppose the undisturbed orbit to be circular, and 
trace out some of the consequences of the disturbing force 
on this supposition, leaving the evection to the last, because 
it depends upon the excentricity of the orbit, and, though 
the largest of the inequalities, and coming first as a fact of 
observation, does not admit of so easy a popular explanation. 
It must be remembered that the effect of the sun in disturb- 
ing the moon depends on the difference pf his actions upon 
the earth and the moon. The sun tends to draw both bodies 
towards his centre, and if they were at equal distances from 
Jiim, and moving in parallel directions with equal velocities, 
it would draw them through equal spaces in equal times, and 
their relative orbits would not be disturbed. But none of 
these conditions generally hold ; the direction of the motion 
pf the moon, her velocity, and her distance from the sun, are 
perpetually varying during her revolution rojmd the earth, 
while, for one revolution, these quantities may be considered 
for the earth pretty nearly constant ; Jience disturbances 
arise in the orbit, and it is plain that the points of syzygy 
will be those at which she is particularly affected, since at 
conjunction she is nearest to him, and at opposition farthest 
from him. If she be nearest to him, or at conjunction, then 
she is pulled towards him more than the earth is, and, her 
gravitation to the earth being lessened, the curvature of her 
orbit is lessened ; if, on the contrary, she be farthest from 
him, she is pulled less towards him than the earth, and the 
curvature of her orbit is also lessened. In both these cases 
the disturbing force is directed /ro/7i the earth in the direction 
of the radius vector. But at any intermediate point, the 
disturbance in the direction of the radius vector will not be 
the only one, since the sun does not draw the moon in the 
direction of that line. In all cases, ho\^e\eT ^^^^^*C\sv%*v^'5k 
inclination of the orbit to the ec\iptic^, \i\ie> ^^^^m-^^^*^ ^"^^ 
pe always resolved, by the ordinaxy \aNVft oi T£L^c>asicc^w^> "^^ ^ 
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two, one of which is in the direction of the radius vector, and 
the other at right angles to it, or approximately in the 
direction of a tangent to her motion, her orbit being nearly 
circular. These forces are called the radial and the tan- 
gential disturbing forces ; the first increasing or diminishing 
the moon's gravitation to the earth, the latter increasing or 
diminishing her velocity in her orbit. 

188. If we were again to take the qase for which the mDon 
is in quadratures, and her distance from the sun nearly equal 
to the earth's distance from the sun, then the sun will pull 
them equally, but not in the same direction. Thus let s, t, 

and M be the positions 
^^j-?»r;r^^ of the sun, earth, and 

N. moon (near quadra- 
\ ture), when s t = s m. 
I Then if , in a given 
: time, the sun pull the 
\ I earth and moon in 

\ / ^qual times through 

>s^^^ ^^y^ the spaces m m and t t, 

these spaces will ulti- 
mately represent the forces exerted upon each. Now Mm 
may be resolved into m r, in the direction of t m and m r^ 
parallel to x t. Hence, in this case, t t and m r (= m m), 
being equal, the effective disturbing force is represented by 
M r, in the direction of the radius vector. Hence at quadra- 
tures, as well as at syzygies, the disturbing force is in the 
direction of the radius vector, but at quadratures it is directed 
towards the ^arth, and is much less than at syzygies. At any 
intermediate part of the orbit the force will be partly radial 
and partly tangential, and the effects of these respectively in 
increasing pr diminishing the gravitation to the earth, and 
in increasing pr diminishing the velocity in the orbit, can be 
traced out fo;r any assigned position of the orbit by similar 
resolution pf the disturbing force. We may see, however, 
immediately, that since at m the iradial force is directed 
towards t, and at a it is directed from t, there is some inter- 
mediate point where it vanishes, and where the whole dis- 
turbing force is tangential, and similarly for the other three 
quadrants. With respect also to the tangential force, it may 
be shown th^t it accelerates the motion of the body from 
gnadrature to Byzygy, but it retards it from syzygy to qua- 
drature. 
^ The aboy^ (jonsiderations v^ \j&cl^ ^o ft\io^ >3ti^ ^^iifoT^ 
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effects of the sun*s disturbing force upon the orbit which 
the moon would describe in a revolution, if it be supposed 
circular ; and in particular, it will serve to show the nature 
of one of the lunar inequalities, called the variation, which 
depends upon the oval shape of the orbit, and on the action 
of the tangential force, and causes the angular motion of the 
moon to be greater than the mean at syzygies, and less than 
the mean at quadratures, and therefore causes the moon to 
be before her mean place from syzygy to quadrature, and 
behind it from quadrature to syzygy. 

189. Thus far we have proceeded on the supposition that 
the moon's undisturbed orbit is circular, or has no excentri- 
city. The introduction of the consideration of the excentri- 
city does not greatly concern the moon*s variation, but it is 
immediately concerned in the explanation of the greatest of 
the inequalities, viz., the evection, which we proposed to 
explain. The reader will, for the present, take for granted, 
without further explanation than that offered in the discussion 
of the solar orbit, that by the action of the disturbing forces, 
the major axis of the excentric orbit, that is, the line of 
apsides, is made to revolve with a direct motion ; that is, that 
the perigee progresses with, on the whole, a rapid yet very 
irregular motion. As the relative positions of the earth 
and moon are very much affected by this circumstance, it is 
evident that the effect of the disturbing forces in producing 
inequalities will also be much affected by the position of 
the line of apsides-. The principal effects may be thus 
described, though we must refer the reader to Airy's 
** Gravitation " for a complete explanation. If the lines of 
apsides be either in syzygy or in quadrature, though, during 
a revolution of the moon, the excentricity is alternately 
increased or diminished) yet, on the whole, the excentricity 
is neither increased nor diminished. If, however, the line 
of apsides be inclined in such a manner that the moon 
passes the apsides (perigee or apogee) before passing the 
line of syzygies, the excentricity is diminished at every revo- 
lution of the moon. If, finally, the position of the line of 
apsides be transverse to the former, so that the moon passes 
it after passing the line of syzygies, the excentricity is 
increased in every revolution of the moon. As, then, the 
earth in its real orbit, or the sun in its apparent orbit, is 
carried round in its annual circuit, the line joining them is 
brought into every position with resi^e^it to \Xi^\mftfc oJl w^'ssS^'^a* 
of the lunar orbit, and the excentiidt^ ViiiiiXi^ ^^Sjiax\s^vst^'^^- 
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ing or diminishing with very variable velocities. If the apsides 
are in syzygy, the excentricity is at its greatest value, and 
stationary ; if, on the contrary, the apsides be in quadratures, 
the excentricity has its least value, and is also stationary ; 
finally, it diminishes while the sun is moving from the 
syzygy position of the apse till it is at right angles to the 
line of apsides ; and it increases from this position till the 
apse is in syzygy again. Hence, since the equation of the 
centre depends on the excentricity, there will be an inequality 
introduced depending on the moon's mean anomaly, as well 
as on her distance from syzygy. This is the evection, the 
largest of the lunar inequalities, and it has for its argument, 
as has been stated, twice the difference of the longitude of 
the moon and sun minus the moon's mean anomaly. We 
have no space to go through the whole of the reasoning for 
the explanation of all the inequalities, and, indeed, the reader 
will find them all admirably discussed in Airy's " Gravitation," 
forming one of the articles in the ** Penny Cyclopaedia," but 
reprinted in a separate volume. We will simply mention in 
few words the conclusions arrived at with regard to the three 
great inequalities, the evection, the variation, and the annual 
equation. The former, that is, the evection, is dependent upon 
the position of the line of apsides, and is derived from two 
efiects of the sun's disturbing action, viz., the irregularity of 
the motion of the perigee, and the periodical alteratictti of the 
excentricity of the orbit : the variation arises from the action 
of the tangential force, which forces the orbit, supposed 
circular, into an oval shape, and alternately diminishes and 
increases the velocity ; it depends, therefore, upon the 
distance of the moon from the syzygies ; finally, the annual 
equation arises from the excentricity of the earth's orbit, which 
causes the stm's distance to vary, and the disturbing force 
in consequence to vary, at different periods of the year ; its 
period is therefore annual, and hence its name. 

We have shown the form in which the evection is intro- 
duced into calculation. 

The variation amounts at its maximum to about 35' 41"'6, 
and has for its argument the sine of twice the difference of 
longitude of the sun and moon. It was discovered by Tycho 
Brahe about the year 1590. 

The annual equation amounts at its maximum to 11' 11"*97, 
and has for argument the sine of the sun's mean anomaly. 
It was also discovered by Tycho Brahe about the year 
U90. 
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190. For computation of the moon's true longitude, we 
have then, neglecting minor inequalities, — 

True longitude = mean longitude 

+ Equation of centre + Evection 
+ Variation + Annual equation, 

which will become, if we put e to denote the moon's mean 
longitude at a given epoch, m her mean anomaly, reckoned 
fi'om apogee, and D and © the moon's longitude and the 
sun's — 

True longitude =; e — 6^ IT 54"-40 x sin. m. 

— 1^ 20' 29"-5 X sin. [2 ( D — ©) — m ] 
+ 35' 41"-6 X sin. 2 ( d — ©) 
+ 11' ir-97 X sin. © 

In the preceding discussion of the orbit described by the 
moon round the earth and its irregularities, we have only 
endeavoured to familiarise the student with some of the 
leading features of the limar theory, as preparatory to the 
complete and philosophical popular explanation which he 
should seek for in the reading of Airy's ** Gravitation." 
In that treatise not only the perturbations of the moon, 
but the planetary perturbations generally, are fully dis- 
cussed, by means of reasonings deduced from the simplest 
principles of mechanics, and without the use of a single 
algebraical expression. Jt is, therefore, capable of being 
studied by any one possessed of ordinary abilities, and should 
be neglected by no student who aims at a clear conception 
of those complicated laws of planetary movement arising 
from their mutual perturbations, which he will afterwards 
have to develop to their remotest consequences by the most 
refined and difficult processes of analysis. 

191. We will now proceed to a much easier and more 
obvious subject, viz., the phases of the moon. In watching 
the moon through a lunation, we not only observe a rapid 
orbital motion from west to east amongst the stars, but 
(evidently in connection with this orbital motion) a change 
of figure and magnitude of the illuminated portion of the 
disk. For example, after missing her light for several 
evenings, we observe her at a short distance following the 
sun in the form of a thin crescent, with its convexity turned 
towards him. From evening to evening, as she separates 
from the sun by her relative eaalerV^ tcl^'^^o^'* '^^ ^-^'sr*^^^ 
increases in magnitude, till t\ie "tixie ^om\xi% "Osi^ \isycsi^ "^ 
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exactly filled with light ; she is then distant from the sun 
by about six hours of Eight Ascension, and is said to be 
dichotomised. She then becomes gibbous, or is more than 
half illuminated, and after separating from the sun by 
twelve hours of Right Ascension, has the whole disk illumi- 
nated, or is at the full. After this, she wanes, or the 
illuminated portion of the disk (still turned towards the sun, 
and therefore, with regard to the east and west points of the 
horizon, illuminated on the side opposite to that of the 
increasing moon) becomes less and less, till we see her again 
early in the morning as a thin crescent, with its convex 
edge turned eastwards, and we then finally lose sight of her 
till after her conjunction with the sun, when the same cycle 
of changes is renewed. 

Now these changes, or phases, ate easily explained, on the 
supposition of the moon being an opaque body, made visible 
to us by light reflected from the sun. On this supposition 
(which admits of no doubt), the half of the moon's disk 
turned towards the sun will be illuminated, while only that 
half turned towards the earth will be visible. If then the 
moon be in conjunction with the sun, or between the sun 
and the earth, her dark side is on the whole turned towards 
us ; but being generally either above or below the sun, a 
small portion of her upper or lower limb is still visible while 
the crescent changes from the eastern to the western limb. 
Again, when she is in such a position with respect to the 
earth and sun, that her disk is dichotomised, or half illumi- 
nated, the moon is in such a position that the line joining the 
moon and earth is perpendicular to that joining the moon 
and sun, the angle formed by these lines having been before 
acute ; and, after this, the obtuseness of this angle still 
increases till the moon is in opposition, that is, till the earth 
is nearly in a direct line between her and the sun, when, this 
angle becoming equal to two right angles, nearly the whole 
disk is illuminated. 

192. The accompanying figure, in which s represents the 
sun, E the earth, and m the moon in its orbit, wSl exemplify 
the changes above described. We here suppose the moon's 
orbit to coincide with the ecliptic, which is sufficiently correct 
for the general explanation of the phenomenon. If, also, on 
the figures of the lunar disk we iraw through their centres 
lines perpendicular to the line s e, the semi-circles thus cat 
off oppoBite to the sun represent with sufficient exactness the 
ar^ograpJij'e projections of hs^i the iIlLumm8A.fe^\xe.TB^^^ 
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of the moon, since the whole circle of the lunar orbit subtends 
at the sun an angle not amounting to half a degree. Also 
the lines d dH, c" d", &c., at right angles to the radii vectores, 
E M, E m', cut off semi- circles opposite to the earth represent- 
ing the projections of the hemispheres visible from the earth. 
The inclination of the lines c' cT, c" d!\ therefore, in any 
position of the moon, to a' b\ a" b", will measure the portion 
of the illuminated surface visible from the earth, and 




generally, if we siippoige m' ^ tb set out from its initial position 
M b, where the moon is in conjunction, this angle bears the 
same proportion to two right angles that the illuminated 
disk does to the whole disk of the moon. But it is evident 
from what has been said (the sun's distance being so great) 
that the lines s m^, e m!' are sensibly perpendicular in all cases 
to b' ^, i -iOiy and therefore the illuminated portion is 
measilred by the exterior angle l lo^ e of the triangle e m^ s, 
or, as it is called, by the exterior angle of elongation. Now, 
on account of the distance of the moon, we see all the parts 
of her surface orthographically projected on the plan6 passing 
through her centre, perpendicular to the line joining her 
with the earth. Hence it is the versed sine of this angle that 
measures the illuminated surface which we actually see, 
and this surface will in any case be found equal to moon's 
surface X versed sine of exterior angle of elongation. 

198. If we take the case for which the angle e m^ s is a 
right angle, or for which the moon is half full or dichotomised, 
then, since the angular distance m' e s bf the sun and moon 
can be measured, it is plain that the proportion of the dis- 
tances E ^ and E s, that is, of the distances of the moon ox^^ 
the sun, can be determined. It -s^aa m \Jc^^ ^^'^ "^^ '^^ 
astronomer Aristarchus, of Samoa, m \JS[i^ \Jtoca^ <5.v»5vjq3:^^^^'=^'*^^ 

F d 
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the Christian era, formed an estimate (necessarily incorrect) 
of the relative distances of the sun and moon. 

194. There is still one phenomenon more which we must 
give some account of, viz., the libration of the moon. In all 
probability the motion of the moon round her axis of rotation 
is uniform, and this motion she performs round an axis 
inclined at an angle of 1^° to that of the ecliptic, in the same 
time as that of her revolution in her orbit. This is found to 
be the case by observations of some of the conspicuous spots 
on her surface, and hence arises the circumstance that, on 
the whole, we always see the same disk of the moon. But 
since the motion in her orbit is sensibly unequal, being 
sometimes faster and sometimes slower than the mean, a 
little more of ^e eastern and of the western limb is in 
the course of a revolution brought into view than would 
otherwise be the ease, and this is called the libration in 
longitude, 

195. The libration in latitude is caused by the axis of 
rotation of the moon not being exactly perpendicular to the 
ecliptic. On this account, in the course of a revolution in 
the orbit, her northern and her southern poles are alternately 
presented to us, and a little more of her northern and 
her southern surface is visible to us in the neighbourhood of 
the poles than would otherwise be the case. 

196. There is a third kind of libration called the diurnal libra- 
tion, which arises from the observer's position on the earth's 
surface, instead of at the centre. The moon turns constantly 
the same hemisphere, not towards a point on the surface, 
but towards the centre of the earth. Now, on account of the 
small distance of the moon, the line joining her centre and 
the earth's centre changes its direction with regard to that 
joining her centre and the observer's position on the surface 
as she rises above the horizon. If she were exactly in the 
zenith, these lines would exactly coincide, but, in any other 
position, we see more of the surface near the upper limb 
than we should see from the centre of the earth, and less of 
the neighbourhood of the lower limb, and by a variable 
quantity depending on her altitude and distance, that is, on 
her parallax. 

197. We will finally make a few remarks on the physical 
peculiarities of the surface of the moon, which, on account of 
her proximity, are better known to us than those of any 

o/^er body. By the use of good telescopes we see her surface 
broJ^en up into irregalar patches of lig\it asx^ ^iaa.^ft> ^\as^ 
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evidently indicate inequalities of considerable magnitude. 
When the sun's light falls most obliquely on the surface pre- 
sented to us, near the conjunctions for example, we find the 
boundary of light and darkness not to consist of a regular or 
well-defined line, but of a series of jagged luminous points, 
some of which are at a considerable distance from the 
generally illuminated curve. These are plainly the tops of 
mountains that catch the first rays of the sun, while the 
intervening valleys are left in darkness. The heights of some 
of these which have been deduced by ingenious mathematical 
processes from micrometrical observations made of them, are 
very great — ^in fact, considerably higher than any on the sur- 
face of the earth. These mountains, which are extremely 
numerous, present every characteristic of volcanic formation. 
They are almost universally of a circular shape, and the 
larger ones have a hollow within their circular boundary, 
terminating in a fiat bottom, and in some cases having a 
steep conical hill in the centre. As viewed by Lord Rosse's 
gigantic reflecting telescope, the fiat bottom of one crater is 
seen to be strewed with blocks or large stones, while the 
exterior of another is "hatched over'* with gullies, radiating 
towards its centre.* 

197*. The science oi selenography, or the accurate measure- 
ment and delineation of the mountains, valleys, plains, and 
craters of the moon's surface, has advanced with great rapidity 
during the present century. In the earlier portion of the 
century, the chief labourers in this department of astronomy 
were Lohrmann, Beer, Madler, and Julius Schmidt, now 
astronomer at Athens. The large map of Beer and Madler 
is still the best which exists, and will be yet more valuable 
in progress of time, for comparison with the result of modern 
research, in the determination of the question, whether any 
serious changes are at present taking place on the surface of 
the moon. A small crater named Linnet in the Mare 
SerenitatiSf is at the present time watched with great interest 
by astronomers, as there seems reason to believe that its 
appearance has changed considerably since the publication 
of the map before referred to. At the epoch of the map, it 
was a crater of sufficient importance to make it a point of 
reference, while, at the present time, during the greater 
part of every limation, it is seen only as a patch of light 
rather brighter than the surrounding surface. At the time 

♦ Outlines of Aatxonoui^'^lj. ^i.^*^* 
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when the sun is rising or setting upon it, however, the 
walls of the crater are visible, and project shadows. 

198. The moon has never been discovered to have on her 
surface the slightest trace of seas or water of any kind, yet 
there exist large tracts of apparently alluvial formation, indi- 
cating that water must have existed at some previous time. 
Neither has she any clouds or vapours or any other decisive 
indications of an atmosphere. This is proved chiefly by the 
observations of the occultations of stars and of solar eclipses, 
for the interval of time between the disappearance and re- 
appearance of a star when occulted by ijie moon, and the 
time taken in transiting the solar disk during an eclipse, is 
evidently not affected by such an error as would be produced 
by refraction of the rays in passing near the moon's edge 
through an atmosphere of any sensible density. Neverthe- 
less philosophers are not even now all agreed on the total 
absence of a lunar atmosphere ; it is, however, quite clear 
that if any exist it must be of extreme tenuity, and it is not 
discoverable by any observations which we can make from 
the surface of the earth. 

199. On account of the slow rotation of the moon, making, 
that is, a complete revolution in twenty-nine days, the surface 
is alternately exposed to the heat of the sun unmitigated by 
clouds or vapours for half that period, and during the other 
half to the severest intensity of frost. It is evident from 
these remarkable features of climate, and from the want of 
an atmosphere, that no inhabitants whose physical organs 
are at all similar to our own would be able to exist at her 
surface. The force of gravity there is also small (only one- 
seventh) compared with that at the earth's surface, as 
determined by her mass deduced from very elaborate mathe- 
matical discussions of her effect in producing lunar nutation 
by acting on the protuberant matter at the earth's equator ; 
but all the circumstances combined seem to show that 
nothing like animal life exists there. She gives light to us, 
and fills our hearts with gratitude to the Giver of all good, 
for his mercy in thus providing for our comfort and our safety, 
while a nearer inspection saddens the imaginative mind by 
presenting the image of a wrecked or a burnt-up planet, a 
monument of vengeance perhaps in bygone ages on a guilty 
world, and awaiting the Almighty's fiat to become at some 
future period equally distant, again a dwelling-place for other 

organised beings. We cannot close this description of the 
surface of the moon without bringmg \)(iioxG VJci^ x^^^<^x'^ 
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attention the well-known exclamation of the pious David, 
which will he repeated with fervour by all those who have 
studied deeply these wonderful bodies, whose motions and 
properties we have been considering: — **When I consider 
thy heavens, even the works of thy fingers, the moon and 
the stars, which thou hast ordained ; what is man, that 
thou art mindful of him? and the son of man, that thou 
visitest hun ? " 

200. In connection with the motions of the sun and moon, 
it will be expected that we give some explanation of the 
eclipses of those bodies. This we shall do in few words, 
referring the reader for fuller information to Sh: J. Herschel's 
** Outlines of Astronomy," or other popular works, since our 
necessary limitation of space enables us to give only an out- 
line of the leading features and principles of astronomy, 
v\dthout dwelling much on the details of the casual pheno- 
mena resulting from the motions of the heavenly bodies. 

201. Since the inclination of the lunar orbit to the ecliptic 
is small (only 6^*), and since there are more than twelve con- 
junctions and twelve oppositions of the moon with the sun in 
the course of every year, it follows that there is a very great 
probability of the sun, the earth, and the moon being so 
nearly in a straight line at some of these times of conjunc- 
tion or opposition as to produce an eclipse of the sun or 
the moon. If this should take place when the moon is in 
conjunction with the sun (that is, at new moon), it is plain 
that she will pass directly between us and that luminary, 
and prevent either the whole or part of his light from reach- 
ing us, or there will be an eclipse of the sun. But since by 
parallax she is depressed on the visible sphere of the heavens 
by a large quantity depending upon the geographical latitude, 
while the place of the sun, on account of his great distance, 
is in a very trifling degree afiected, it is plain that an eclipse 
of the sun may take place at one point of the earth's surface, 
while there is no eclipse at all at another, or it may be total 
or annular at one place, and only partial at another. Thus 
the great eclipse of 1851 was total for parts of Sweden, 
Norway, Prussia, and Poland, while at Greenwich it was only • 
partial. Now,/or finding the circumstances of a solar eclipse, 
that is, for determining whether it will be total or annular, and 
for finding those parts of the earth's surface at wk\a\^. \^-'^rJJ^ 
be total or annular, and at which, it ViJlWi^ w^-^ ^-^sNjs.^^'^^^a* 
necessary to remark, that the cone >«\nfi^^Qi^^ ^\iM^^^*^^ 
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sun and moon at the time of a solar eclipse, that is, which 
"would be formed by a series of tangents to their surfaces, 
has its apex situated very nearly at the distance of the earth 
from the sun, being carried a little farther off, or a little 
nearer, accordingly as the moon happens to be nearer to or 
farther from the earth, or near perigee or apogee. If the 
moon be in or near to perigee, the apex of the cone will lie 
farther from the sun than the earth is, as in fig. 1, where s, m, 

Fig. 1. 




and T represent the sun, moon, and earth ; and the part 
of the earth's surface intersected by the cone during the 
progress of the moon across the sun*s disk, gives the geo- 
graphical boundaries of the eclipse, within which a total 
eclipse may take place, and near the centre of which it must 
take place. 

202. If, however, at the time of the eclipse the moon be 
near apogee, the apex of the cone will lie between the sun 
and the earth as in fig. 2, and the sheet of the cone pro- 
duced will meet the earth's surface, as at a, b. Hence a 

Fig. 2. 




person at a will see the upper part of the sun, but the moon's 
lower limb will appear to graze the sun's lower limb ; while 
an observer at b will see the lower part of the sun, while Jthe 
moon's upper limb appears to graze that of the sun. Between 
a and b an observer will see a little of the upper and lower 
limbs, or the eclipse will be annular. 

203. Thus far we have spoken of annular and total solar 
eclipses, which occur when the moon is very near the node 
of her orbit at the time of conjunction. If she be at a 
greater distance from the node, a paftial eclipse will take 
place at some parts of the earth's surface, while none at all 
maj^ take pl&ce at others. The sun may also at the time of 
an eclipse be beneath the horizon, ox it may ogcux during 
f6e night, and will, of course, to Bucli places \>e VimsftAft, 
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204. If the moon be near her node at opposition (or full 
moon) a lunar eclipse may take place by the interposition of 
the earth preventing the light of the sun from reaching her. 
Hence the cone used in illustration must be supposed to 
envelop the sun and earth, and the position of the moon with 
regard to its axis in passing across the shadow thus thrown 
upon her will determine whether the eclipse is total or 
partial. If she be very near her node at the time of opposi- 
tion, a total eclipse will take place equally to every part of 
the earth's surface at which she is above the horizon ; but if 
she be at some distance from the node, a partial eclipse or 
none at all will take place, 

Fig. 3. 




If in fig. 8 we draw tangents on the same and opposite 
sides of the earth's surface (t) from the sun (s), viz., a c,a d, 
and b d, b c, it is plain that between a c and b dno light 
of the sun can extend, but that between a c and b c pro- 
duced, as also between b d produced and a d produced, part 
of the light of the sun can reach, and a penumbra will be 
formed during the progress of the moon from m to m"" be- 
tween m' and m", and again between m'" and m"", when her 
surface will be only obscured, but that from m" to m'", while 
she is in the umbra, or real shadow, the whole or part of her 
surface will be invisible. 
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205. In discussing the motions of the planets, We shall 
assume that the reader is sufficiently familiarised with the 
reasonings by which it is proved that the stin is the com- 
paratively immovable centre of the system with which we 
are connected, and that the earth and all the movable 
bodies called planets move round it in elliptical orbits, 
whose excentricities are small, and whose planes generally 
(that is, for the large planets) are inclined at small angles to 
the ecliptic. It is sufficient also barely to intimate here, that 
Kepler's laws are applicable to all of them, that is, that, in 
addition to the description of elliptical orbits, they describe 
round the sun equal areas in equal times, and that the 
squares of their periodic times are as the cubes of their mean 
distances from the sun. 

206. They also suffer perturbations from their mutual 
action on each other according to the law of gravitation, in 
the manner which we have already tried to elucidate, by 
which the planes and the elements of their orbits are slowly 
changed, and their places in their orbits disturbed. Thus, 
with the exception of Venus, the apsides of their orbits 
progress, while their nodes generally regress, on the plane 
of the ecliptic. The inclinations also of the orbits to the 
ecliptic suffer change ; but, with respect to all the elements, 
it must be borne in mind, that the changes are secular (that 
is, periodical, with an exceedingly long period), and not 
uniform or permanent ; and that the changes, whether of 
increase or decrease, will, after a very long time, be compen- 
sated by others of an opposite character. Thus the excen- 

tiicity of the earth's orbit is slowly diminishing at present 
^T ^e action of the other planets, but il ViHl, ^iWt «b -scrj 
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long time, become increasing ; the same is the case with the 
obliquity of the ecliptic, which is diminishing at present, but 
will ultimately increase in the same manner. 

207. In particular, this important result has been dis- 
covered by analysis, that the major axes of the orbits are 
neither subject to secular inequalities, nor do they increase 
or diminish indefinitely with the time. They are affected 
only by periodical inequalities, somewhat of tha same nature 
though very much smaller than those which we have 
explained as affecting the moon, depending on the configura- 
tion of the bodies amongst each other, and the positions of 
their nodes, &c., and returning to the same values as often 
as the attractiug and attracted bodies return to the same 
relative situation. 

The chief difference in the lunar and planetary perturba- 
tions is, that in the former case they proceed from the 
action of the sun, incomparably the largest body in the 
system, while the perturbations of a planet arise from the 
actions of other planets, whose masses are insignificant 
compared with that immense body. Hence, the disturbances 
of the moon are very much greater than those of any planet, 
and the elements of her orbit are not only very much changed, 
but very rapidly changed. Thus the apse of the lunar orbit 
makes a complete revolution in about nine years, while that 
of the solar orbit, that is, of the earth's orbit, would take 
more than one hundred thousand years to make a complete 
revolution. Again, the moon is sometimes disturbed in 
longitude in her elliptic orbit by more than a degree, while 
the perturbations of a planet amount to only part of one 
minute. It thus happens that we are obliged to use the true 
place of the moon in calculating the disturbances, while, 
with regard to the planets, it is sufficiently accurate to take 
the position they would have occupied if undisturbed. 

Without dwelling any longer on the difficult subject of the 
planetary perturbations, we will proceed to the more popular 
and generally interesting information which we propose to 
give concerning the individual members of the solar system, 
confining ourselves to the most remarkable of the dis- 
turbances of each separate body which we have occasion to 
describe^ 

208. At the commencement of the present century, the 
number of the primary planets then known was only seven, 
namely. Mercury, Venus, the Earth, Mara, J\y?^S^^-t^^%'2)is:^s«y^ 
and Uranus. As a remarkable "^looi oV "Cii^ \s5\.^<i^:^25k^ 
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activity of the present age, and particularly of the atten- 
tion which has been devoted to Astronomy, the number 
known at present is one hundred and thirteen (October, 1868), 
Of these additional planets, one hundred and two have been 
discovered since the year 1844, of which all but one lie 
between the orbits of Mars and Jupiter, and are of the 
nature of those bodies commonly called asteroids, which were 
discovered at the beginning of the century; the remaining 
one is the planet Neptune, exterior to all the rest, whose 
discovery is one of the greatest intellectual triumphs of the 
present time. 

209. Before the discovery of Neptune, . which will be 
treated of a few pages farther on, the mean distances of the 
planets from the sun were observed to obey a very curious 
empirical law (called Bode's law, that astronomer having first 
noticed it), which may be thus expressed. Call the distance of 
Mercury 4, then that of Venus is 4 + 8 = 7 ; that of the 
Earth is 4 + (3 x 2) = 10 ; that of Mars = 4 + (3 x 
2 X 2) = 16 ; that of the small planets = 4 + (8 x 
2 X 2 X 2) =: 28; and so on, the distance of Uranus 
being 196. But, for the next planet, the distance thus com- 
puted would be 388, which, the reader vdll perceive by 
inspection of the table which follows j is considerably too 
great. Now, in the calculations made by Mr. Adams and 
M. Le Verrier previously to the discovery of Neptune, it 
was absolutely necessary to assume arbitrary values for the 
mean distance of the supposed disturbing planet, and there 
was no clue whatever to guide these mathematicians in their 
assumption, except that afibrded by Bode's law. It thus 
happened that several sets of calculations were found neces- 
sary, the assumed value being continually lessened, before 
the conditions of disturbance were satisfied, and even at the 
last the distance finally assumed proved to be too large. It 
is therefore an even question, whether the law was of any 
service in the calculations or not, but at all events it formed 
a kind of basis for the commencement of the work, and the 
errors of the assumptions were necessarily capable of correc- 
tion by the processes employed. 

210. Before proceeding farther we will give a table of the 
names, characters, and approximate mean distances of the 
planets which were known in the year 1851, when the first 
edition of this book was written, with the names of their 

discoverers and the dates of their discovery. 



TABLE OF THE PLANETS. 
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TABLE OF THE NAMES, CHABACTEBS, AND APPBOXIMATE MEAN 
DISTANCES OF THE PLANETS NOW KNOWN. 



Name of Planet. 


Character. 

i 


Mean 
distance. 

■ 


Discoverer. 


Date of 
discovery. 


Me&cu&y . . 


V 


0-3871 


... 


Ancient. 


Venus . . . 


9 


0-7233 


... 


• •• 


Earth . . . 


6 


10000 


... 


• • • 


Mabs . . . 


■ 


1-6237 


... 


• • • 


Floba . . . 


^ 


2-2017 


Hind 


1847, Oct. 18. 


Victoria . . 


t 


2-3349 


Hind 


1860, Sept. 13. 


Vesta . . . 


£Ei 


2-3611 


Olbers 


1807, Mar. 29. 


Iris . . . 


CSi 


2-3806 


Hind 


1847, Aug. 13. 


Metis . . . 


4^ 


2-3866 


Graham 


1848, April 26. 


Hebb . . . 


V 


2-4265 


Hencke 


1847, July 1. 


Parthenope . 


5 


2-4266 


De Gasparis 


1860, May 11. 


Egeria . . 




2-6792 


De Gasparis 


1860, Nov. 2. 


ASTRKA . . 


I" 


2-6770 


Hencke 


1846, Dec. 8. 


Trexb . . . 




2-6842 


Hind 


1861, May 19. 


EUNOMIA . . 


^ 


2-6476 


De Gasparis 


1861, July 29 


Juno . . . 


I 


2-6708 


Harding 


1804, Sept. 1. 


Geres . . . 


5 


2-7681 


Fiazzi 


1801, Jan. 1. 


Pallas . . 


4- 


2-7729 


Olbers 


1802, Mar. 28. 


Hygeia . . 


i 


31316 


De Gasparis 


1849, April 12. 


Jupiter . . 


K. 


6-2028 


• t • 


Ancient. 


; Saturn . . 

1 


\ 


9-6388 


• • • 


... 


1 TJ&ANUS . . 


¥ 


19-1824 


Sir W. Herschel 


1780. 


Neptune . , 


Y 


30-0368 


Adams and | 


184^,«>^'^V*1% 
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Since the year 1851, the progress of discovery has been so 
rapid and uniform that, as has been ahready stated, no fewer 
than one hundred and five asteroids are at present known to 
exist, and, as tolerably correct orbits of the whole or nearly 
the whole of these have been calculated, they all belong to 
the known bodies of the solar system, and afibrd great scope 
for speculation as to their original formation and mutual 
relations. 

211. Of the planets in the above list, those which move 
in orbits between the sun and the earth are called inferior 
planets, while those beyond the earth are called superior 
planets. And we propose, before giving an account of each 
separate planet, to explain their apparent motions in the 
heavens, as seen from the earth, and afterwards to show by 
what means their real motions round the siin can be deduced 
from observation, and the elements of their orbits calculated. 

212. We commence with the inferior planets, and we will 
take Yenus as our example, this planet being familiar to all 
our readers as the most beautiful object in the heavens next 
to the moon. When the light is fading on a fine evening 
we see her shining in the west with a light incomparably 
superior to that of any of the other planets, and for some 
time she seems to retain a fixed position in the heavens. Her 
brilliancy increases as she approaches the sun, that is, as 
she appears on each successive evening at sunset nearer to 
the horizon, till she becomes lost in the sun's rays, and is 
missed for a time. After this, if any of our readers would 
take the trouble to rise before the sun, they would see her 
shining with the same brilliancy in the east, and on succes- 
sive mornings would find her at a still greater distance, and 
rapidly separating from the sun. After a considerable time 
she would be found to become stationary again, and then, 
decreasing in brilliancy, to move in the contrary direction to 
meet the sun again, and, after a time, she would be for the 
second time lost in his rays. We will now illustrate, by 
means of a diagram, these oscillating motions, and show how 
they are natural geometrical consequences of her motion in 
an orbit smaller than that of the earth. 

In the annexed figure let the inner circle represent the 

orbit of Venus ; the middle one that of the earth ; and the 

outer one the circle of the heavens. The directions of the 

arrows represent the directions of orbital motion round 

^e sun, and of db'ect motion (that is, motion in the order of 

|g6^ aiguB of the zodiac) m the heavens. 
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Imagine Venas to come from v, moving in the direction 

V a b e d, while the earth is moving from y in the direction 

Y A B c D, When Venus is at v she ■will be aeon projected 
on tho heavens at v, and when she is at a (the earth being 
at a), she will appear at l, having appeared to describe the 
direct arc v l. At a, however, she is moving in the direc- 
tion of the line joining her and the earth,- — this position 
ia called her point of greatest elongation from the earth, 
and some time after arriving at this point she will become 
stationary. The stationary point is determined by the 
consideration that the resolved parte of the motions of the 




planet and the enrth perpendicular to the line joining them 
must be equal. But after this, while she is still approaching 
the earth, and therefore becoming more brilliant, if we take 
a b, A a, for arcs described by her and the earth in eqnal 
times, a b being considerably larger than a b, she will be 
seen at m, having appeared to retrograde through the arc l h. 
All this time she is to the cast of the sun, or is visible in the 
evening, but after a time her motion will gain upon the earth's 
motion, tiU, arriving at x, she will pass the meridian at the 
same time as the sun, or be in inferior conjnnction, and 
nearest the earth : she then passes to tho other side of the 
son and becomes a morning planet, and separates from him 
rapidly till she comes to d, before which she is again sta.- 
tjoaary; after this she proceeds to'TiaTis an-petwr cw'j-m.tw^vi^ 
with the eun, when she is at^iet ia.tftieft\. Siis^wcifc "^^^^ '^'^ 
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earth. The cycle of chaoges is then renewed in the same 
order. 

213. It is evident from what has been said above, that 
Venus, as seen from the earth, never separates very far from 
the sun, but describes small arcs in the heavens, sometimes 
going a certain distance to the east and sometimes to the 
west of him. If the earth were quite stationary, this angle 
would be determined by drawing tangents from it to her orbit, 
but the earth's motion modifies the apparent separation, and 
she sometimes passes the meridian earlier than nine o'clock 
in the morning, and sometimes later than three in the after- 
noon, the equation of time conspiring to make the angular 
separation measured in time appear greater than it really is. 

214. The apparent motions of the superior planets are 
different from those of the inferior, and admit of an equally 
simple explanation. If we were to map down the projected 
motions of any one of them, Jupiter for example, from year 
to year, we should find the projected path to be something 




like that represented in the figure, where a straight lina 
represents the projection of the ecliptic. The motion would 
appear to be direct through a b, stationary at b, retrograde 
through B o, then stationary at c, and then again direct 
through o D, crossing the ecliptic at n, and so on. It would 
appear, in fact, to describe a zigzag path very little inclined to 
the ecliptic, sometimes retreating and sometimes advancing, 
but on the whole gaining in direct motion. At certain times, 
for instance, we should find it in opposition with the sun, 
that is, the sun and planet would be on the opposite side to 
the earth, the three being nearly in a straight line ; and at 
such times the geocentric and heliocentric longitudes (that is, 
the positions with regard to the first point of Aries measured 
from the centre of the earth and the centre of the sun) are 
the same. The observed arcs therefore obtained by com- 
paring the observations made at successive oppositions will 

^'re tie real advance of the planet in its oxbll, Tio\.^\3fcL%fcMX!i- 

^'^ Ha intermediate rjetrpgradationa. 
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215. We will now see how these motions are explained on 
the Bnpposition of Jnpiter describing an orbit exterior to that 
of the earth. IIluBtrating by a diagram, as before, let the 
inner circlo represent the orbit of the earth, the middle one 
that of Jupiter (the disproportion of the orbits is, for con- 
venience, not adequately represented), and the outer one a 
section of the sphere of the heavens. 

Let the earth and planet be at the same time at a and a, 
and, while the earth describes the arc a b, let the planet 
describe a b ; the places of the planet will then be referred 
to the points l and u. It will therefore have appeared to 
describe the arc l u in the order of the signs, or -with direct 
motion, and in this time it will have passed conjunction with 
the sun at some intermediate position, a'. Hence on either 
eide of coDJunction the apparent motion of a superior planet 




is direct. Let now c and c be positions of the earth and 
planet when c c is a tangent to the earth's orbit, the planet 
will evidently then appear stationary soon after passing n ; 
bnt, after arcs e d, c d, have been described by the earth and 
planet, the latter will be referred to the point o, having 
appeared to move backwards or to retrograde through n o. 
It will then become in opposition with the sun (that ia,yLi». 
planet and sun will be on opposite aiifts o^ ftia e».Tfe ■a.^. '■'^ 
tnierval of 180° of geoooutrio Vongjtuie^, aa^. -w'ii. <iot&D»a 
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to retrograde till it arrives nearly at e, the earth being at ^, 
where the line joining it and the earth is again a tangent to 
the earth's orbit, before passing which point it is again 
stationary. It will then begin to move directly, or according 
to the order of the signs, and so on for another revolution of 
the earth. 

216. From the above considerations we derive the fol- 
lowing rule :— 

The inferior planets retrograde before and after inferior con^ 
junction, and move directly in the rest of their orbits: the 
superior planets move directly before and after conjunction, and 
retrograde before and after opposition. 

217. We will now show how the places of the planets as 
referred to the sun can be obtained from the geocentrip 
observations. 

We must again remind the reader, that the observations 
made with the fixed instruments of an observatory are those 
of Right Ascension and North Polar distance, and that these 
observations, before they can be used, require correction for 
refraction, parallax, aberration, and the motion of the 
equinox. They may then be considered as made at the 
earth's centre, and referred to a fixed equinox and a fixed 
equator. Now the position of the ecliptic with regard to the 
equator is known with the utmost accuracy, being derived 
from observations of the sun made near the equinoxes and 
solstices. At this present time, for example, the mean value 
of the obliquity is nearly 23^ 27i', and has a small secular 
diminution amounting to 0*467" per year. It is then easy to, 
reduce to the ecliptic the observed positions of the body re- 
ferred to the equator, that is, to convert the observed Right 
Ascensions and North Polar distances to geocentric longitudes 
and ecliptic polar distances, or to geocentric longitudes and 
latitudes. 

p Thus, if T A and 

nr B be portions of the 

equator and ecliptic, and 

p the position of a planet, 

then, if perpendicular arcs 

p M, p N be drawn to the 

two planes, <t ^ and p M 

will be the Right Ascension 

and declination, and <t n and p n the geocentric longitude 

and latitude of the planet, and it is a ^ety easy problem in 

spherical trigonometry to deduce t\ie \«i\.\.et Va \,6rc£i& oi 'Osi'^ 
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former, and of the known obliquity n or m. We have then 
the place of the body referred to the plane in which the 
relative motions of the earth and sun are performed ; and 
the next process is to deduce the heliocentric longitude and 
latitude from the geocentric, that is, to refer the body's place 
to the sun, which is its proper centre, instead of the earth. 

218. Let s, E, and p be the position of the sun, the earth, 
and a planet at a given time when the geocentric place of th 
latter is known ; draw s T» e T^ towards the vernal equinox, 
parallel to each other in the plane of the ecliptic, and p m 
perpendicular (P the plane, and join s m, e m ; then the 




p^ngles M E 1^ and m s V will represent the geocentric and 
heliocentric longitudes, and p e m and p s m the correspond- 
ing latitudes. Also the geocentric co-ordinates, that is, the 
}atitudes and longitudes as seen from the earth's centre, 
being found from observations, the heliocentric longitude and 
latitude, and the distance of the planet from the earth, can 
pasily be expressed in terms of them, and of the known dis- 
tance of the earth from the sun, and earth's longitude. 

219. We have before had occasion, in treating of the solar 
motion, to mention the elements of a planet's orbit, but we 
will proceed now to speal^ of them more particularly. 

It is plain that the position of the planet (to whatever 
points or planes we may refer it) will depend — 

First, upon the position of the plane in which it performs 
its orbit. 

Secondly, Upon the magnitude, figure, and position of 
the ellipse which it describes in this plane. 

Thirdly, Upon its position in the circumference of this 
ellipse. 

Now, referring, as usual, everytlom^ \.o \Jcl^ ^wc\rv ^^"^ *^^ 
ecliptic, the position of the plane oi l\ie ot\>\\. NriSL\i^ ^^^^'^^ 
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by the longitudes of the points or nodes where it meets the 
ecliptic, and by its angle of inclination to the ecliptic : the 
position of the major axis or lines of apsides of the ellipse 
will be defined by the longitude of the perihelion or aphelion : 
the magnitude and form of the ellipse will be defined by the 
semi-major axis, or mean distance as it is called, and by the 
excentricity or ratio which half the difference of the greatest 
and least distances bears to the mean distance ; and, finally, 
the place of the planet in the ellipse will be known by 
means of its known position or longitude at some given 
time or epoch, generally called, for brevity, the epoch of 
longitude. 

Hence the six quantities or elements which determine a 
planet's position are : — the longitude of the node, and the 
inclination of the orbit to the ecliptic, the hngitude of the 
perihelion or aphelion, the mean distance, and the excentricity 
of the orbit, and finally, the epoch of mean longitude. To these 
may be added the argument of latitude, or the angular dis- 
tance of the planet from its node, measured alqng the orbit, 
which can be computed immediately from the node and in- 
clination. 

220. The way in which these elements must be treated 
differs considerably for the old or well-known, and for newly- 
discovered planets. For the former, suph as Mercury, Venus, 
Mars, Jupiter, and Saturn, which were known and observed 
in ancient times, thei^ elements were found and repeatedly 
corrected by observations made at long intervals of time, and 
by taking advantage of such circumstances of their motion as 
were most favourable for the discovery of particular elements. 
For example, the mean motion or sidereal period can be 
discovered with very great accuracy by observing the suc- 
cessive passages of the body through its ascending or descend- 
ing node. For by reducing the observed right ascensions 
and declinations to geocentric latitudes and longitudes, it can 
be found when the latitude is about to become nothing, or the 
body is about to cross the ecliptic, and, by observations 
made before and after this period, the exact moment at which 
it was in the node can be found by simple proportion, its 
motion in latitude being at this time tolerably uniform for 
short intervals. Hence the longitudes of the ascending and 
descending node will be known also. The inclination of 
the orbit to the ecliptic can also be found by observing 
when the latitude arrives at its maximum. We have also 
shown how the solar parallax has been acc\\i«A.ft\y ^^^^KBisi<fe^, 
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and this, in connection with Kepler's Third Law, gives at 
once the dimensions of all the orbits, when the periods of 
revolution are known ^ 

Now, by the geometrical relations existing between the 
geocentric and heliocentric latitudes, longitudes, &c., in the 
preceding figure, Yfe cai^ with great ease express the argument 
of latitude in terms of the longitude of the node and the 
inclination, and of the geocentric longitudes of the planet 
and the sun ; secondly, the d;st9.nce of the planet from the 
earth can be expressed in terms of the sun's distance from 
the earth, the argument of latitude, and some of the above 
elements ; and lastly, the radius vector of the planet, or dis- 
tance from the sun, can be found in tenQS of previously 
known quantities, as also can the heliocentric longitude and 
latitude. By such means a series of observed distances from 
the sun in the elliptic orbit will be obtained, and by assuming 
an ellipse of a certain excentricity, and with a certain longi- 
tude of the perihelion which shall nearly represent all the 
distances, an approximation will be made to the remaining 
elements. These elements will then be corrected by com- 
puting the heliocentric places of the planet corresponding to 
the times of other observations, and comparing them with 
the heliocentric places deduced from geocentric observations 
in connection with the assumed elements. Equations of con- 
dition will then be obtained for determining the errors of the 
assumed elements to any degree of accuracy. 

221. For unknown planets, every geocentric observation 
will, by a somewhat similar treatment, give two equations 
subsisting between the known geocentric quantities and the 
symbols expressing the elements. Hence three observations 
will give six equations, sufficient for determining the six 
elements of the orbit. Thus, in the greater number of 
instances of the recent discoveries of the small planets 
between Mars and Jupiter, no sooner were three complete 
observations announced than one or more of the zealous 
and able astronomers attached to the various observatories 
at home or on the Continent have in^mediately furnished 
elements of the orbit, and ephemerideSf that is, tables of daily 
right ascensions, and declinations Q^inputed from the ele- 
ments thus found, for the use of astronomers who might wish 
to follow the planet and make more numerous observations 
of its position. 

We cannot expend more space upon \\i\a x^^^et ^>S^<ss^ 

subject, and we ^ust devote the xemamd.eT oi ^utoi^ Oc^^'^^'t "^^^ 

■■ <. ( _ 
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the principal peculiarities of the separate planets of the solar 
system. 

222. The planet Mebcurt is too near to the sun to allow 
ns to make any very accurate observations of the shape and 
other peculiarities of its surface. It has certainly no con- 
siderable ellipticity, that is, it is very nearly round, as the 
author has ascertained by micrometrical measurement. Its 
apparent diameter varies from &' to 12'', and its real diameter 
is about 8000 miles. From doubtful observations of some 
spots on its surface it is supposed to revolve on its axis in 
about the same period as the earth, and in the same direction. 
Its mass is rather less than one-twelfth part of the earth, and 
its mean density is rather greater than that of the earth. 
The force of gravity at its surface is about one-eighth of that 
at the surface of the earth. It exhibits phases like the moon, 
and from a similar cause. The excentricity of its orbit is 
large, being about 0*205, and the inclination is also large, 
being 7^. Its excursions on each side of the sun do not 
much exceed 18°. Supposing all our heat to come from the 
sun, it is calculated that the mean heat in Mercury is above 
that of boiling quicksilver, and even near his poles water 
would always boil. The sun's diameter would appear from 
his surface more than twice as large as from the earth. 

228. Yenus is a far more interesting planet, and, on 
account of her greater distance from the sun, admits of more 
frequent and accurate observation. Her light in a telescope 
is, however, so dazzling and brilliant, that, by exaggerating 
all the defects of the telescope, physical observations of the 
surface are difficult. By means of the rotation of spots im- 
perfectly seen on her surface by the German astronomer 
Schroeter, the time of rotation on her axis is imagined to be 
rather less than that of the earth, and also from west to east. 
The phases, which are exactly similar to the moon*s, only 
with much longer periods, are very interesting when viewed 
through a telescope, and her brightness is such as to render 
her occasionally visible at mid- day with the naked eye (as 
was the case in the year 1868), when her position with 
respect to proximity to the earth is most favourable. The 
excentricity of the orbit is very small, and the inclination 
does not amount to 8i^° ; her apparent diameter sometimes 
amounts to 1', and her real diameter is about 7,800 miles. 
Slie seems to he surrounded by an atmosphere which iinay 
probably mitigate to her inhabitants, \i ftb.^ \ivfe any, this 
intense heat of the sun, which yet must )Qft i«t \.oo ^^\ \^ 
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tbe exiatenee of plants or animalB li]ce those existing on the 
efirtb. Her mass is rather greater, and her density rather 
leas than, that of the earth. Hence the force of gravity at 
her snrfaoe is ahont the same as on the surface of the earth. 
The reader Till not forget the important Bervice rendered to 
BBtronomers by thii planet, in the ascertaining of tha Bolar 
puaUax, by her tronaitB across the snn's disk. 

224. Tenne being bo near the earth, it might be expected 
that flhe would prodace disturbances both in the orbit of ow 
own planet and of its Batellite the moon. Snob iB, in fact, 
the oaae. An inequality, having a very long period, in the 
molioQB of the earth and Venns, was discovered many years 
ago by Mr. Airy, and a cnrioas inequality in the Innar orbit, 
arising from the attraction ofYenns, was not long ago dis- 
covered by SI. Hansen, astronomer at Ootba. 

226. Mabs, the nearest of the planets exterior to the earth, 
that ie, of the superior planete, offers more points of simi- 
larity than any of the others. The excentricity of the orbit 
is, however, considerably greater, being rather less than t^. 
The inclination to the ecliptic is 1° SI'. His diameter iB about 
4,100 miles ; when in opposition to the snn, that is, noareat 
to the earth, hiB apparent diameter is aboat 28" ; and the 
ellipticity, as reeulting from eighteen sets of meaBorea made 
by the anthor with the Oxford heliometer at the opposition 
of 1862, ia ^. As, however, the time of rotation is very 
nearly the same as that of the earth, wboBe ellipticity is only 




5^, this result seems to require additional confirmation, 
though the correctnesB of the meaanrea appears to be nn- 
qnestionable. The disk is so well seen through good tele- 
scopes, that mde maps of his surface have been drawn, in 
which Bometbisg Uks a vague delineation of seas and cqqU.- 
nents is exhibited. The colour o£ ttie 4atV«eX-5*A\&''lBs*'^'^ 
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a brownish red, and near the poles is a zone of white, indi- 
cating the existence of snow in large quantities. In the 
accompanying engraving the distinctness of the white spot 
near the south pole is exaggerated, but a remarkable one 
existed when the drawing was made. His climate must be 
considerably colder than our own, but, as the inclination of 
his axis to the ecliptic is nearly the same as that of the earth, 
and the period of diurnal rotation (24** 37") only a trifle 
larger, the changes of the seasons must be very similar to our 
own, only with much greater variations. His mass is about 
•^ part of that of the earth, and his density only a trifle 
smaller. The force of gravity at his surface is about f of that 
ai the surfaba of the earth. It seems tolerably certain that 
Mars is surrounded by an atmosphere of considerable density. 

226. Of the small planets between Mars and Jupiter we 
know very little, except their geometrical positions. Some 
of them are exceedingly minute, and their surfaces are not 
much larger than a large estate; Both Ceres and Pallas 
exhibit traces of nebulosity round them indicating atmo- 
spheres, and the same circumstance was noticed at the 
discovery of some of the recent ones. The brightest of them 
is Yesta, which appears when nearest to us like a star of the 
5-6 magnitude^ and Pallas is also remarkable for the vivacity 
of her light ; but the others vary generally from the 7th to 
the 13th magnitudes, according to distance. The original 
discovery of Ceres by Piazzi had its origin in a curious 
speculation, arising but of the failure of Bode's law at one 
point between Mars and Jupiter, which led to the idea of a 
large planet having been shattered to pieces. An Association 
of Astronomers determined therefore to search in the most 
likely parts of the heavens for the fragments, and were soon 
rewarded by the discovery of the four with which our readers 
are familiar, viz., Yesta, Juno, Ceres, and Pallas, near the 
beginning of the present century. It was not till the year 
1846 that the next in order of discovery, viz., Astrsea, was 
found by M. Hencke, of Driessen.* Since that time the dis- 
covery of the remaining ones has gone on with tolerable 
continuity, and, at the present time, as has been mentioned 
before, the number of known asteroids amounts to cue 
hundred and Ave. 

When the orbits of all of them are known with greater 
accuracy, a projection of them will show better whether the 

* See J\ro^t'ces of the Royal Astronomical Society^ voL vii. p. 27, ior 
remarka on the discovery of this planet. 
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original idea of the explosion of a large planet is tenable or 
not. Astronomers at present are rather divided in opinion 
on this subject, though the investigations which have been 
hitherto made are on the whole unfavourable to the theory. 

227. We should not omit to mention, in connection with 
this subject, the zodiacal star-maps constructed by Professor 
Bremiker, of Berlin, in which the positions of all stars down 
to the tenth magnitude within the zodiacal limits are repre- 
sented, as these maps have not only materially assisted in 
the discovery of these small planets, but the planet Neptune 
was by means of them recognised immediately on the tele- 
scope of the large equatorial at Berlin being ^ected by Dr. 
GaUe towards the position indicated to him by M. Le Yerrier. 
A series of such charts of stars observed by Mr. Bishop and 
Mr. Hind, in the Eegent's Park, has also been published, and as 
a third set we may mention those made by M. Chacornac, 
at the Imperial Observatory of Paris. 

228. The orbits of these small planets differ from those of 
the large planets previously known chiefly in their inclina- 
tions, which are not included within the zodiacal limits, but 
are many of them very large, and this feature renders the 
computation of their perturbations by the large planets very 
intricate and difficult. A method of calculation devised by 
the celebrated astronomer Hansen has, in a great measure, 
conquered this difficulty, and considerably extended the 
power of analysis in the computation of the places of the 
planets generally. 

229. JupiTEB, the largest, and in many respects the most 
important, of all the planets, is next in order of distance from 
the sun ; the sidereal period is 4882*584 days, and his 
synodic period, that is, the interval between his successive 
conjunctions with the sun, is 898*867 days. The inclination 
of his orbit to the ecliptic is 1^ 19' nearly, and the excentricity 
is 0*04818. His mean distance from the sun is rather more 
than five times that of the earth. 

280. The shape of this stupendous globe is plainly 
elliptical, even to a casual observer, when viewing him 
through a good telescope, and the ellipticity, as deduced from 
a great number of careful observations made by the author 
at Greenwich and Oxford, is about iV- The time of revolu- 
tion on his axis, as determined by certain spots at times 
visible in his atmosphere, is 9** 55" 50% and the elli^ikf^^ 
calculated from this time of rotation, oil \)£i^ %x5.Y^<i^"sJ^'^^ ^^ 
the original ^uidity of the globe, coxxesi^oii^^^xeXX*'^ ^viQ?ox"«>i^^^ 
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■mih the observed ellipticity. The angnlai mean diameter, 
or axis major of this ellipse, is about 40", which coireBponda 
to a real diameter of about 87,000 miles, nearly eleven timea 
the diameter of the earth. The mass is about vAt (that of 
the sun being unity), as determined by Mr, Airy from the ob- 




served elongations of the fourth satellite (see page 84) ; that 
is, the mass is upwards of 870 times that of the earth, bnt the 
density is not qnite onequarterof that of our planet. The force 
of gravity at the surface is about 8f times tix&t of the earth. 

281. The disk of Jupiter is crossed by dark bands, or beltt 
as they are generally called, above and below the equator, 
as is denoted In the figure. These belts suggest the idea of, 
and there is little doubt that they owe their origin to, diu- 
tnrbances in tbe atmosphere surrounding the planet. They 
vary much at different times in breadth and situation, and 
are evidently not of a rigid or permanent character. 

282. Jupiter is attended by fonr satellites or moona 
revolving round him from west to east, in the same way as 
the moon does roond the earth, according to the law of 
gravitation. These satellites suffer eclipses on entering into 
the shadow of Jupiter, and are occulted or hidden when they 
pass behind his body ; they are also observed to pass ovw 
or to transit his disk, and at such times their shadows can 
be seen like black spots passing along the disk. On entering 

■ on the body of the planet, they can be distinctly seen when 
near the border, by their superior brightness, bnt they are 
lost sight of when approaching tbe centre : this proves most 
distinctly that the border is shaded, and indicates an atmo- 
sphera of some density. The times of the eclipses, when 
observed at different places on the earth's surface, determine 
directly tbe difference of longitude of the places, since they 
mnst occur at the same momest of absolute time, the observa- 
tions being given in terms of local time. It was also by 
ineanB of eclipses of the satellites at times when Jupiter was 

at very different distances from tlie eaitti IVs-^i "BJiMiiwt iJia- 
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eovered the successive propagation of light, and detennined 
its velocity. 

283. To an ohserver on Jupiter, the first satellite would 
appear rather larger than our moon, the second rather more 
than half as large, the third rather larger than the second, 
and the fourth not half so large. Their actual diameters are 
about 2,508, 2,068, 8,877, and 2,890 miles. 

284. The mean motions and times of revolution of the 
first three satellites are connected by a singular law ; viz., 
that the angular velocity of the first added to twice that of 
the third is equal to three times the angular velocity of the 
second. And hence we might easily prove that if '^ from 
the mean longitude of the first added to twice that of the 
third there be subtracted three times th* mean longitude of 
the second, the remainder will be a constant angle." This 
constant angle is found to be equal to 180^. 

285. The above remarkable relation between the mean 
motions of the satellites leads to this interesting result, viz., 
that they cannot all be eclipsed at the same time ; that is, 
that even in extreme cases Jupiter will never be deprived of 
the light of all his moons at once. We need do no more 
than indicate to the reader, without further remark, this 
proof af beneficent wisdom. 

286. The first three satellites move very nearly in the 
plane of Jupiter's equator, in orbits very nearly circular. 
The inclination of the fourth to the equator is about 8^", and 
its excentricity is large. In consequence, when the fourth 
satellite is seen to pass across Jupiter's body or behind it, 
the apparent path is frequently very far from the centre. 
The writer of this little book remembers to have watched one 
such transit, when the satellite merely grazed the upper part 
of the disk, and was partially visible or projected beyond the 
body during the whole time.* 

287. The mass of Jupiter being so great, it might be 
naturally expected that his influence would be considerable 
in disturbing the other planets, and this is really the case. 
But the most curious circumstance in the disturbances pro- 

*^ duced by him is the reciprocal efiect produced in the motions 
of himself and Saturn, his neighbour in the heavens, and 
almost rivalling him in bulk. An equation or disturbance, 
having a very long period of about 918 years, is produced 
by the mutual actions of these immense bodies ^ q1 ^^^^ 

• See Oreenwich Observations tor \^4l^,^. Vi?^% 
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a nature that if one be, by the disturbance, put hefore its 
mean place, the other will be behind its mean place. At 
present, the motion of Saturn is accelerated by the disturb- 
ance, and that of Jupiter retarded, but in the seventeenth 
century the circumstances were reversed, and Saturn was 
retarded, while Jupiter was accelerated. This inequality, 
known by the name of '^ the great inequality of Jupiter and 
Saturn," is of such a magnitude as at its mazimnm to 
advance or retard Saturn by about 0^ 49' in longitude, and 
to retard or advance Jupiter by about 0*^ 21'. We have not 
space, nor does it fall within our plan, to trace the physical 
cause of this remarkable effect of disturbing action, bat the 
reader may be assured that a general explanation can be 
given in much the ^ame way that has been used for the 
inequalities of the moon. The more advanced reader may 
consult Sir J. Herschel's ** Outlines of Astronomy." 

288. The next planet is Satubn, not inferior in general 
interest to Jupiter, and of equal importance in the planetary 
theory. His most remarkable appendage is a luminous ring, 
by which he is generaUy seen to be surrounded. This ring 
is a solid opaque substance, as is proved by the shadow of 
it which is thrown on the body of the planet. By its 
parallelism with the belts with which Saturn as well as 
Jupiter is striped, it appears that the axis of rotation of the 
planet is perpendicular to its plane, and observations of spots 
on the surface of the planet give for the time of his rotation 
about 10*^ 29" 17*. The rotation of the ring itself has been 
detected by means of the observations of portions of its 
surface less bright than others, and its period of revolution is 
10^ 82" 16% which is very nearly the time in which a 
satellite would revolve round a body of the known mass of 
Saturn, at the distance of the middle of the ring from the 
centre. The ring, till lately, was known to consist of two 
distinct portions, separated by a dark interval easily seen in 
good telescopes, but recently a discovery has been made of 
the existence of a third ring inside the other two. This 
ring, which requires the best state of the atmosphere and a 
very good telescope, as well as an experienced observer, to 
be rendered visible, seems formed of a substance totally 
different from that composing the other two, and reflects 
light so imperfectly that its existence was unknown till near 
the end of the year 1850, when it was almost simultaneously 
discovered, in America, hy Mr. G. P. Bond, oi Viie C%xDL\m.d%<d 
Observatory, JlfASsaciinsetts, and in E»ng\and \>^ VJlKife '^n* 
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W. R. Dawes, -at Wateringbnry, near Maidstone, wtere the 
latter gentleman had at that time estabhshed as obeervatory.* 
2S9. The annexed figure is copied from a drawing made 
by Mr. Dawes of the appearance of Saturn after the esistence 
of the innor ring had been well ascertained, and, besides 
exhibiting the Kent i- reflective ring which it was principally 
intended to show, exhibits also a delicate sub-division of the 
outer ring, visible only near the eitremities, but of whose 
reality Mr. Dawes quite convinced himself by epeated 
glimpses of it caught at favourable opportunities. It had 




been previously suspected by astronomerH that the outer 
ling had at least one sub-division, but the matter seema now 
by this evidence to he put beyond the reach of doubt." 

Mr. Lasaell describes in the following words the appear- 
ance of the dusky ring as he saw it on December 8id, when 
OB a visit to Mr. Dawes : — 

" After surveying the planet for some time, I was struck 
with a remarkable phenomenon, which I shall proceed, as 
well as I can, to describe. It appeared as if something like 
a crape veil covered a part of the sky within the inner ring. 
This estended itself half-way between what I should have 
formerly considered the inner edge of the inner ring and the 
body of the planet, while there was a darker, ill-defined 
bomidary-line separating this crape-like appearance from the 
aohd body of the inner ring. There was an exceedingly 
thin line, or shadow, running along the southern edge of 
the northern portion of the ring where it crossed the planet, 
and the line seemed somewhat broader at each end, where it 
touched the limbs of the planet. Mr. Dawes had previously 

• SaaJVadcHo/'ijUfiojoi.^lionimieolSoeMtD.-^oVii--*-''-'^- 
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drawn my attention to the appearance of this line before 
scrutinising the planet.'* 

240. Saturn is now known to be attended by eight satel- 
lites, to which have been given the mythological namea 
Mimas, Bnceladus, Tethys, Dione, Bhea, Titan, Hjrperion, 
lapetus. These satellites were all of them seen at the same 
time by Mr. Lassell, on the evening of November 21, 1850,* 
with his reflecting telescope, but opportunities seldom occur, 
and several of them require not only telescopes of great 
power, but a very favourable state of the atmosphere to 
render them visible. Of the above, the outermost, lapetus, 
was discovered by Dominic Cassini, in 1671. Its distance 
from the planet is nearly three times as great as that of 
any of the others,- and its orbit is considerably inclined to 
the plane of the ring (by 12^). It is also remarkable for 
the diminution of its light in certain parts of its orbit, and 
this obscuration occurring constantly on the same side of 
Saturn as seen from the earth, it is proved with tolerable 
certainty that it revolves on its axis in the precise time of 
its revolution round Saturn. Hyperion, the next satellite, 
reckoning inwards towards the planet, was discovered in the 
month of September, 1848, simultaneously by Professor Bond 
at Cambridge Observatory, Massachusetts, and by Mr. Las- 
sell at his observatory at Starfield, near Liverpool, and 
affords another good instance of the rivalry existing between 
the eminent observers of the present time. 

241. Titan is the largest and best known of the satellites, 
and was naturally the flrst discovered. It was first seen by 
the celebrated Huyghens in 1655, March 25, and is supposed 
to be not much inferior in size to the planet Mars. 

242. The remaining satellites are much more difficult to 
observe, especially the two innermost, which just skirt the 
ring, and at the epoch of Iheir discovery in 1789, by Sir 
William Herschel, they were seen to thread like beads the 
almost indefinitely thin fibre of light to which the ring was 
then reduced.! 

248. It is proper to mention that the well-devised m3rtho« 
logical designations of the satellites are due to Sir J. Herschel, 
and were proposed for the purpose of avoiding the confusion 
arising from the order of discovery not coinciding with the 
order of distance, so that the numerical nomenclature, like 

* See J^otices of the Royal Astronomical Societi/y vol. xi. p. 19. 
/ See ''Outlines of Astroiioiny," p. 336, 
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that employed for the satellites of Jupiter, was quite insuffi- 
cient to distinguish them.* 

244. Having thus discussed, as fully as our space permits, 
the particulars relating to the ring and satellites of Saturn, 
we will now give in few words the most important factg 
relating to the planet itself. The shape is elliptical, with an 
ellipticity of about i, as is proved by measures made by the 
author of this little work at the Royal Observatory, during 
the time of disappearance of the ring in 1848,f and essen- 
tially confirmed by measures made at Oxford in 1862. It 
was thought by Sir William Herschel, and the opinion, till 
recently, had been generally entertained by astronomers since 
his time, that the shape of the planet was oblong, but not 
eUiptical, something like a paraUelogram with the comers 
rounded off. It has, however, been proved by the above 
measures, confirming those made several years since by 
Bessel, that such is not the case, but that the shape is that 
of an exact spheroid of revolution of considerable ellipticity. 

245. The inclination of the orbit of Saturn is 2*^ 80' nearly, 
and the excentricity 0*0561 ; the mass is 111 times that of 
the earth, the diameter is 79,160 miles, and the force of 
gravity at the surface is about li^time that at the surface of 
the earth. The sidereal period is 10759*22 days. The diame- 
ter of the outer edge of the interior ring is about 2} times 
that of the equatorial diameter of the body. 

We will conclude this account of Saturn by an eloquent 
passage from Sir J. Herschel' s book, which we have so fre- 
quently had occasion to refer to. 

« The rings of Saturn must present a magnificent spectacle 
from the regions of the planet which lie above their enlight- 
ened sides, as vast arches spanning the sky from horizon to 
horizon, and holding an almost invariable position among 
the stars. On the other hand, in the regions beneath the 
dark side, a solar eclipse of fifteen years in duration, under 
their shadow, must afford (to our ideas) an inhospitable 
asylum to animated beings, ill compensated by the faint light 
of the satellites. But we shall do wrong to judge of the 
fitness or unfitness of their condition from what we see 

m 

• See Sir J. Herschel's " R' suits of Astronomical Observations made 
at the Cape of Good Hope," p. 415, published in 1847, where the 
nomenclature now in use was first proposed. In the foot-note the 
following remarkable passage occurs : " Should an. ^\%\v^aVi.«».\.^^o^fc«kNsis^ 
the confusion oi the old nomenclature 'wV\i "beciOixvG c\yvSX» voN^^t^^^^*^ 

f See Metnoira of the Moyal Astronomical Societt^^ nq\. ■x:svs1* 
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around ns, when, perhaps, the very comhinations which 
convey to our minds only images of horror, may he, in reality, 
theatres of the most striking displays of beneficent con- 
trivance." 

246. The planet Ubanus was discovered by Sir William 
Herschel, on March 18, 1781, in the course of a general 
review of the heavens, being detected by its disk under a 
high magnifying power. At the author's request, Professor 
Challis obligingly measured the planet some years ago, with 
a double-image micrometer attached to the telescope of the 
great Northumberland telescope,* for the purpose chiefly of 
discovering whether it had any sensible ellipticity, which the 
author suspected from some measures of his own made with 
a far inferior telescope. The result was that the ellipticity 
is too small to be measurable, and the apparent diameter 
about 4''. Its real diameter is about 85,000 miles. 

247. The inclination of its orbit to the ecliptic is very 
small, being only 46V, aiid the excentricity 0*0467. The 
sidereal period is 80686*82 days. 

248. The satellites of Uranus, as might be expected, are 
exceedingly faint objects, and difficult to be observed even 
with very powerful telescopes ; and there exist still consider- 
able doubts respecting their orbits, and even respecting their 
number. Sir William Herschel observed two satellites, 
which are considerably brighter than the rest, about rix 
years after the discovery of the planet, and obtained with 
tolerable accuracy their distances and periodic times. Several 
years afterwards he announced the discovery of four other 
satellites in the Philosophical Transactions for 1798, and, in a 
memoir printed in the Philosophical Transactions for 1816, 
he gave the results of his observations to that date. Of the 
six satellites thus presumed to exist, the comparatively 
brighter ones he reckoned to be the second and fourth, 
counting outwards from the planet, and their periods he 
calculated to be about 8^^ 16*^ 66" and 18^^ ll** 9". The periods 
of the others, according to his estimations, were approxi- 
mately 6* 21^ 10^ 28^ 88^ 2S and 107^^ 17^ Now, since the 
time of Sir William Herschel, the positions of none of the 
four satellites last mentioned have been verified, and Sir 
John Herschel, who bestowed considerable attention on the 
system of Uranus, was enabled only to observe the two 
brighter ones. 

' J^or a deacription at this celebrated teVeacope, «m o^qx «x\\<d<^ oil 
ObservAtoriea in ''London Exhibited in Ift&l" 
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The first addition to our knowledge was made at the close 
of the year 1847, by Mr. Lassell and M. Otto Struve, the 
former by means of his reflecting telescope, and the latter 
by means of the large refractor of the Pulkova Observatory. 
In the Notice of the Royal Astronomical Society for 1848, 
January 14, is a communication from each of these astro- 
nomers, announcing the discovery of at least one satellite 
additional to the second and fourth of Sir W. Herschel. Mr. 
Lassell observed a satellite evidently interior to Herschel U. 
on several nights, and on one occasion he observed an addi- 
tional one. The positions of the objects observed by him 
were also always on the north side of Uranus. M. Otto 
Struve observed, on the contrary, an object always on the 
south side of the planet, and there was only one day of ob- 
servation common to himself and Mr. Lassell. In a paper 
inserted in the Notice of the Royal Astronomical Society for 
1848, March 10, Mr. Dawes discusses very elaborately all 
the observations of both astronomers, and comes to the con- 
clusion that M. Struve's satellite is not identical with either 
of Mr. Lasseirs, but that it is probably identical with an 
object observed by Mr. Lassell in 1845, on September 27, 
and that its period, deduced by comparison of these distant 
observations, is about 3*^ 22*^. He also finds the period of 
the object observed more than once by Mr. Lassell to be 
about 2^ 2f'', by comparing it with an object observed by 
Mr. Lassell, 1845, October 5. 

This was the state of our knowledge of the satellites till 
near the end of the year 1851, when Mr. Lassell announced 
the discovery of two satellites, whose periods, by obser- 
vations which admit of no doubt, are about 2^ 12^ and 
4^3^ 

The result, then, of the whole discussion seems to be, that 
at present at least four satellites are known, and that their 
periods and distances are ascertained with tolerable accuracy, 
and that though several others undoubtedly exist, yet we 
have, at present, no observations before us to give any 
definite information about them in confirmation of Sir W. 
Herschel's results. 

The satellites move in orbits very different from those of 
all the other planetary systems, the planes being nearly per- 
pendicular to the ecliptic, and their motions in their orbits 
being retrograde. 

249. The mass of Uranus "has aVwo^^ \>^«ti ^ ^xiJcsvfe.^V ^^Jv 
great interest with astronomers, aad la tlo^ oi xaxx.^ ^gt«!>^«^ 
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on account of its action on the newly-discovered planet 
Neptune. This element is of very difficult determination 
by means of the revolutions of the satellites, owing to their 
faintness. The most recent determination is that made in 
1848 by M. Otto Struve, which gives for the mass lyii^ part 
of that of the sun, or rather more than twenty times that of 
the earth. Hence the force of gravity at his surface is 
rather greater than that at the surface of the earth. 

250. The last, and from the circumstances attending its 
discovery, the most interesting planet which we have to 
mention, is Neptune. The discovery is equally due to two 
mathematicians, viz., M. Le Yerrier of Paris, and Mr. Adams 
of our own University of Cambridge. 

It had long been known to astronomers that the observed 
place of the planet Uranus disagreed with its place calculated 
from the well-known elements of its orbit by a very large 
quantity, and that this disagreement was increasing from year 
to year. At the present time, for example, the B. A. calcu- 
lated in the ordinary way from the elements differs from the 
observed B. A. by more than 16*, an amount of difference far 
exceeding any error in the calculation of its disturbances 
arising from the known planets, or from any failure in the 
theory of its motion generally. The idea of disturbances 
arising from some unknown exterior planet had been suggested 
long before the error attained this amount, and was the most 
probable solution, but some distinguished astronomers, in 
their uncertainty about the cause, began seriously to ques- 
tion the exact accuracy of the law of gravitation, that is, of 
bodies mutually attracting each other according to the inverse 
square of the distance. At all events, no one had courage 
to attack the problem under this point of view, and to endea* 
vour to find the intruder and the disturber of our system. It 
appears, however, from a memorandum in the journal of Mr. 
Adams, that he had for some years formed the resolution of 
endeavouring to solve the problem analytically as soon as he 
should get leisure from his academical engagements. M. Le 
Yerrier had also been engaged in a laborious investigation 
of the elements of Uranus according to the existing theory, 
and had succeeded in finding one or two trifling additional 
terms of perturbations from known planets, and in discover- 
ing some inaccuracies in Bouvard's tables. He had, however, 
found nothing that would at all explain the enormous differ- 
^jiee existing between theory and o\>aeTV«A,\oii. Tha two 
rBometera became tbuB, quite independenlV^ «tXi^m^Qu\»«CL^ 
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knowledge of each other either personally or otherwise, en- 
gaged in the laborious problem till then quite despaired of, of 
finding the elements of a disturbing planet by means of the dis- 
turbances produced upon the disturbed planet. The direct 
problem is dijQ&cult enough to try ordinary industry and, 
patience, but the intricacies of the inverse problem were 
enough to make the boldest analyst and computer shudder. 

We cannot give any adequate idea of the labour and 
difficulty actually encountered, except by stating that all 
the elements of the sought planet (except the mean distance 
which it was necessary to assume arbitrarily) must come 
into the equations of condition, as well as all those of the 
disturbed planet, or rather their corrections, since the latter 
elements obtained from the ordinary theory must be neces- 
sarily false« Both mathematicians did, however, arrive at 
about the same time at a complete relation, and both, in the 
autumn of the year 1846, furnished elements of the planet 
sought for. Le Yerrier, from his elements, calculated a place 
of the planet, and so confident was he in the accuracy and 
certainty of his result, that he wrote to his friend Dr. Galle, 
of the Royal Observatory of Berlin, requesting him, on the 
night of the receipt of the letter, to direct the telescope of 
the large equatorial of that establishment to the indicated 
spot in the heavens, and giving him full assurance of finding 
the planet. This letter reached Dr. Galle in 1846, September 
28rd. The Berlin Astronomer, on searching as directed, 
found a star of about the 8th magnitude, which did not exist 
in Bremiker's star charts, which we have previously had 
occasion to mention, and which, therefore, afforded strong 
presumption of being the body sought for, and the fact was 
confirmed by the first night*s re-observation. In the mean- 
time, the researches at Cambridge had proved in the English 
mathematician and astronomer an equal degree of merit, 
though of course the glory of the first discovery indisputably 
belongs to Le Verrier and Galle. Professor Challis, the 
Director of the celebrated Observatory at that University, 
had for some time been engaged in a laborious and well- 
arranged sweep of that part of the heavens which Mr. 
Adams's researches had pointed out as the most likely, and 
it is a curious fact that, before its actual discovery and 
recognition at Berlin, it had been twice observed by that 
unwearied astronomer. To explain the fact of its being 
observed, and yet not recognised, it \^ u^q.^^^^y^ Vi ^«aia^ 
the reader that at this time, that aecVioxL oi ^x«a:Szjs£ ^ '^^s^ 
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charts which included the portion of the heavens in qnestion, 
had not yet reached England, so that Professor Challis had, 
in fact, to construct one for himself from the data afforded by 
his observations. If the result of each night's sweep had 
been pricked off on prepared maps immediately afterwards^, 
the glory of the discovery would have rested with him and 
Adams, but the other laborious duties of the observatory 
prevented this being done, at the same time that the necessity 
of doing it was not so obvious before the discovery as it 
appeared afterwards. 

The claims of the rival astronomers and mathematicians 
are evidently, on the whole, equal, and the planet would 
infallibly have been discovered during the autumn by each 
independently. At the same time the peculiar fame arising 
from the happy union of transcendent analytical skill and 
undoubted confidence in the result must be conceded to Le 
Verrier ; his whole process was happUy conceived, carried 
out in the most masterly way, and immediately rewarded by 
his singular boldness in announcing his result and pledging 
his reputation on its certainty. 

We could not pass by this wonderful discovery of the 
planet Neptune without thus much of notice. It exhibits, 
in the most striking way, the advance of astronomy in its 
theoretical development, and in its practical adaptation: — 
the mathematician, the observer, and the instrument-maker 
were almost equally needed in the solution of the great 
problem before us ; — and if any one of these conditions had 
been wanting, Neptune might have remained still unknown. 

251. Immediately after the discovery, the observations of 
the last century were ransacked to endeavour to find whether 
Neptune had been observed without knowledge of its plane- 
tary character, since this was of very great importance in 
the calculation of its real orbit from observation. The pub- 
lished observations of the French astronomer Lalande 
afforded no trace of such an observation, but, on consulting 
the manuscripts of these observations kept at the Observa- 
tory of Paris, two were found, made in the year 1796, on the 
8th and 10th of May, which were suppressed in the printing, 
on account of the error presumed from their disagreement 
(the object being supposed to be a star), but which were 
really observations of the planet. 

252. From these observations compared with those made 
immediately after the discovery, elementa oi ^e 'planet were 

computed by Professor Walker of the Umle^i ^\.aX.e^. T^eaa 
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elements give for the sidereal period 164'6181 tropical years, 
for the excentricity 0*008719, and for the inclination 1° 47'. 
263. Soon after the discovery the planet was attentively 
watched by Mr. Lassell, M. Otto Struve, Mr. Bond, U. S., 
and by Professor Challis, for the discovery of any physical 
peculiarities that might be rendered visible in the powerful ; 
telescopes at their command. Mr. Lassell was rewarded 
by the discovery, in October, 1846, of a satellite, which M. 
Otto Struve, by subsequent observations, found to be inclined 
to the ecliptic at an angle of about 36^. All the observers, 
or the greater number of them, also agreed in describing the 
planet's appearance as elongated, and decidedly not circular, 
and affording very strong suspicions of its being surrounded 
by a ring like Saturn; 

254. By observations of the satellites at Cambridge in 
America, and at Pulkova, two separate values of the mass 
of the planet have been deduced by Professor Peirce and 
M. Otto Struve. The values are respectively 1 6^ 40 and 
i^iaa of the sun's mass, and, as might be expected from 
results deduced from observations of so difficult an object as 
a scarcely distinguishable satellite, they differ materially. 

255. Before concluding this chapter, it is necessary to 
devote a small space to comets, a class of bodies allied in 
some respects to the planets, but differing so much in many 
important particulars as to make it necessary to treat of 
them separately* 

256. Comets, like plaiiets, revolve round the sun evidently 
under the influence of the law of gravitation, for they all 
describe orbits identical with one of the conic sections, and 
they all obey Kepler's ** Second Law" of the equal descrip- 
tion of areas, as is evident from the accomplished predictions 
of the return of some of them, for which the calculations 
assumed the law. 

The planets, however, always describe ellipses of very 
small excentricity ; they all move according to the order 
of the signs or with direct motion, and the inclinations of 
the orbits of the large planets to the ecliptic are always 
small. 

Comets, on the contrary, move in parabolic and even in 
hyperbolic, as well as in elliptic orbits ; the inclinations of 
the orbits have all degrees of magnitude ; and their motions 
in their orbit are as often retrograde^ «ca ^yc^qX^^ ■^3A^^'^^^*v^^ 
greater number of those wlioae oibVt^ Vwe^Xi^^"^ ^s.^^n^^'^^ 
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describe parabolas having the sun in the focus; that is, 
during the time of their visibility, the orbit, if it differs at all 
from a parabola, differs so slightly, that the difference cannot 
be detected by observation.* Very few of them have been 
ascertained to move in hyperbolas, but the fact is certain for 
some of them. A great many periodical comets, however 
(that is, comets that circulate round the sun, and are ob- 
served, after their departure, to return to it again), moving 
in ellipses of various excentricities, are known at present. 

267. Now our readers will remember in our remarks on 
the planetary motions, that a body might describe either an 
ellipse, a parabola, or an hyperbola round the same centre 
of force, the particular orbit being determined by the 
velocity and the angle of direction made with the radius 
vector at any point. Thus, supposing a body moving in a 
parabola suddenly to suffer some resistance which would 
materially lessen its velocity, it might describe an ellipse, 
and if its velocity were suddenly increased it would describe 
an h3rperbola. 

It is found also by telescopic observations, and by the very 
small effect produced on the motions of the planets when 
comets approach near them, as also by the very great disturb- 
ances which the motions of the latter suffer on such occasions » 
that the masses of all the known cometary bodies ai'e exceed- 
ingly small ; indeed, of incomparably less density than our 
atmosphere, or even of any of the lighter gases that we ar« 
acquainted with. Thus the comet of 1770, called LexelFs 
comet, actually approached, in 1779, Jupiter, with a distance 
scarcely exceeding -^^q part of the distance of that body 
from the sun, and yet produced no perceptible disturbance 
on the satellites, though it is exceedingly probable that its 
own return to visibility by us was quite prevented by the 
great disturbances it experienced. Again, the texture of 
which even the head or densest part of a comet is com- 
posed is of so small a density that the faintest stars are seen 
through it, though a slight fog or vapour near the earth's 
surface will render invisible stars of the first magnitude. 

Hence we can conceive, without any undue speculation 
on the nature or origin of these mysterious bodies, that, 
whatever were the original orbit in which a comet may have 
been moving, a near approach to any of the large planets 
might so effectually change its orbit, that, before its discovery, 

^ Oar readers are assumed to know that an eWipae, 7)\iQXLitA ma^or 
Axia becomea iu&niie, degenerates into a parabola. 
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it miglit be moving in any one of the curves above men- 
tioned. 

268. We have mentioned above that comets are of extreme 
tenoity, but we 'will add a few more remarks on their 
phyBical appearance, which is extremely different in different 
specimens of these bodies, and even at successive returns of 
the same. Some have been seen of inimense magnitude and 
brightnesB, visible even at noon-day, and attended by a tail 
extending over 60° to 70° of the heavens. Generally in such 
oases the head consists of a brightish spot near the centre 
or nucleus, Burronnded by a small circular sebolons masB or 
tuyma; beyond this is a small interval of clear space, and onter- 
moBt of all is a luminous envelope, going round the coma like 
the head of a parabola, and generally extending in the direction 
of straight lines, so as to form two streams of light diverging 
for Bome distance, and sometimes reuniting. Frequen ' 
however, the comet has no fail or train, and consists c 



ly, 




small nebulous mass with or without a nucleus, and fre- 
quently, in the cases of what are called telescopic comets, a 
small nebula of extreme faintness is all that is visible to 
experienced eyes. Again, of comets which have tails, the 
shape is exceedingly various. Some have one tail, others 
two or three at different angles, and some have been seen 
with still more. Generally the tail is curved towards the 
part of the heavens from which the comet has been moving, 
but its length and the general appearance of the comet are 
greatly affected during the time oi B.-5'^t(i»iJa.'wi^'rai&. ^^«ft»» 
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from, the perihelion passage, or passage throngh the point of 
its orbit nearest to the sun. 

269. We will now particularise a few of the most remark- 
able comets that are known or suspected to be periodical. 

260. Of comets of long period, the most remarkable is 
that known by the name of Halley's, from the circumstance 
of that illustrious geometer having predicted the return. 
On appljdng the principles of the theory taught by Newton 
with regard to these bodies, and calculating the orbits of 
several ancient comets, Halley found a remarkable coinci- 
dence in the elements of the orbits of comets which had 
appeared and been observed at nearly equal intervals of 
time in 1631, 1607, 1682, the latter appearance taking place 
in his own time. After mature consideration he alleged that 
these comets must be identical, and predicted the return 
about the year 1759. Clairaut, an eminent mathematician, 
undertook the calculation of the disturbances it would 
experience from the large planets, by which its return was 
delayed about six hundred days, and the comet returned 
again to perihelion according to prediction in the spring of 
1769. Our readers may remember to have seen it again in 
the winter pf 1835, when its return had been calculated 
with great pertainty by several eminent mathematicians. 

261. A great comet which appeared in 1680 is suppqsed 
to have a period pf 675 yeai-s, and tp be identical with 
famous comets seen in the years 1105 and 675, and also forty- 
three years before the Christian era, soon after the death of 
CsBsar. 

262. Another great cpmet which appeared in 1556 is sup- 
posed so to have excited the superstitious fears of Charles Y., 
Emperor of Germany, as to have influenced him in his 
abdication. The return of this comet in 1846 was predicted 
by Mr. Hind from elaborate calculations, but it falsified pre- 
diction ; probably pwing tp sorne extraprdinary perturbations 
which it may have experienced either in receding frpm, or 
approaching to, the solar system. 

263. Another comet appeared in 1661 which is supposed 
to be identical with that seen as early as 248 a.d., and 
returning in 891, il45, 1402, and 1682. 

264. Another class of comets having much shorter periods 
has been discovered during the present century. The first 
of these, discovered in 1819, is called Encke's comet, that 

astronomer (Professor Encke, of Berlin"^, having devpted 
H^ iime and attention to the study oi its t\ieor5. \\iT^- 
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volves ronnd the sun in the short period of 8i years, and 
since its discovery it has been observed several times on its 
return to perihelion. The author observed it at Greenwich 
in 1887) and at other times when it was an exceedingly faint 
and difficult object, but it differs greatly in its appearances at 
different times. By its means a most important and curious 
physical fact has been elicited. It is found that its periods 
of revolution are successively and equably shorter, or that 
the major a:^s of the elliptic orbit is slowly but steadily 
diminishing. Nq probable cause has been assigned for this 
anomalous fact, excepting the resistance which a very light 
gaseou9 body might experience in passing through a medium 
of sufficient tenuity to prevent any ^ensible resistance to 
the denser planetary bodies. Professor Encke has calculated 
its successive returns on this hyppthesis, but the question 
does npt seem to be quite set at rest. 

265. Another comet of short period is the comet of Biela 
o^ Gambart, those astronomers having identified it at its 
apparition in 1826, with comets that appeared in 1772 and 
1805. The time of revolution pf this cpmet is about 6| 
year^^ 4^t its return, in the year 1846, a most singular 
phenomenon was observed. The com^t was at first seen as 
usual as a single body, but on its approach towards perihe- 
lion, iji was, on the ISth of January, for the first time seen 
to be attended by a comet considerably fainter than itself, at 
a distanfse pf abput 2^. Thi? distance cpntinued steadily to 
increase, while the difference of brightness of the two comets 
diminished, till thp companipn became as bright as the 
original. The latter then continued to increase in brightness, 
and exhibited a star-like nucleus, being decidedly superior 
in intensity of light to the original comet. This superiority, 
however, continued for a very shof t time ; the original comet 
soon gained in brightness pn its companion, which finally 
disappeared some time before th^ pther ceased to be observed. 
Professor Plantamour, of Geneva, discussed rigorously the 
orbits described by es^ch comet -separately, and he found 
that during their companionship they kept very nearly the 
same distance &pm each pther, and the line joining them 
moved parallel to itself. * 

266. Other comets of short period, discovered in this cen- 
tury, we shall barely mention. 

267. A comet discovered by M. Faye in 1843 describes 

♦ See Greenwich Observations for 1846, for «. ^^xi^'^^^l OosKt-N^w^^-NA. 
of these companion comets. 
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an elliptical orbit in a period of 7^ years, and was observed 
on its return in 1850. 

268. A comet discovered by De Vico in 1844, and another 
by Brorsen in 1846, have each a time of revolution of about 
6^ years. 

269. Before closing this account of comets, we must make 
some mention of the remarkable one which appeared in the 
spring of 1843, which many of our readers may remember. 

* Its nucleus or head was so near the horizon in the west at 
the time of its discovery, as soon as it grew dark, that it was 
observed very little in Northern Europe, but its im^lense train 
was visible for several successive evenings, spreading over an 
arc of nearly 60^. At Portland, in the United States, it wag 
observed by Mr. Clarke, in the daytime, when scarcely more 
than 4^ from the sun, and measures were made of the distance 
of its nucleus from the sun, Mr. Clarke describes it as " as 
well defined as the moon on a clear day, and resembling 
a perfectly pure white cloud without any variation, except a 
slight change near the head.** An immense number of 
observations were made of this comet (many ^vith the 
sextant on board ships th^,t had a good view of it), and many 
interesting drawings of its appearance are preserved at the 
apartments of the Eoyal Astronomical Society. The sextant 
observations were also reduced under the auspices of the 
Society, and are printed in the Memoirs. 

270. It must be evident to all our readers, that the 
cometary branch of astronomy has been as well cultivated as 
every other, and among the most zealous and able of thosei 
who have devoted themselves to the discovery of these in- 
teresting bodies, to the computation of their orbits, and to the 
palaeography of this branch of science, none holds a higher 
rank than our countryman Mr. Hind, so honourably dis-r 
tinguished for his planetary discoveries. 

Since the publication of the first edition of this treatise, 
the rate of discovery of new comets has been great and uni- 
form, scarcely a year having passed in which some of these 
bodies have not been added to the solar system. Amongst 
the most remarkable alJ the great comets of 1858, 1861, 
and 1862. 

The comet of 1858 (generally called Donati's Comet, from 

its discoverer, Professor Donati, of Florence) was the 

grandest which had been seen since the celebrated comet of 

JS21. It was discovered at Florence on June 2, 1858, and 

was then merely a faint patch as viewed. mVJia. %» "^o7i«A\sJl 
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telescope ; and it was not a conspicnons object to the naked 
eye till near the end of September. During the month of 
October, however, its most brilliant phenomena were exhi- 
bited. Its tail was about 40^ in length, and the appearance 
of the nucleus when examined in a telescope exhibited 
changes of the most interesting and instructive character. 
After its perihelion passage, and being lost for a time, it 
became again observable, and continued to be observed till 
about the middle of the next year, 1859. A very detailed 
account of it will be found in the 19th volume of the Notices 
of the Boyal Astronomical Society, 

The great comet of 1861 burst suddenly upon the sight on 
the evening of June 80, 1861, near the north-west horizon for 
these latitudes, having been beneath the horizon after sunset 
on the preceding evening. Its nucleus to the naked eye 
appeared almost as large as the moon, and its tail was esti- 
mated as more than 100^ in length. It continued observable 
for two or three months. 

The great comet of 1862 exhibited several interesting 
phenomena, but its appearance, as viewed by the naked eye, 
was not so grand as that of either of the preceding comets. 

But the most remarkable discovery which has been made 
recently with regard to comets is that of the identity of the 
orbits of two of them with those of the August and November 
swarms of meteors. Most of our readers will remember the 
brilliant spectacle which was presented by the meteors on 
the night of November 13-14, 1866. Many astronomers were 
prepared to take all the advantage possible of the predicted 
return of these meteors after an interval of thirty- three years, 
and by their observations the elements of the orbit of the 
group were determined with considerable accuracy, and were 
found to coincide very precisely with those of the first comet 
of 1866, discovered by M. Tempel at Marseilles, On further 
investigations it was then found that the elements of the 
great comet of 1862, previously mentioned, coincided with 
those of the August group of meteors, and the inference 
naturally is that comets are in general nothing more than a 
collection of those meteors seen at such a great distance that 
the discrete particles of which they are composed present 
the appearance of ft gaseous body, varying in form and 
brightness according to its changes of position relatively to 
the earth, The subject is, however, at present still obscure 
and difficult, but the facts already kao^XL %M%%<b^\» ^^^^'^ 
£e]d of inquiry and profitable speculaXiou, 
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THE FIXED STABS. 

271. Having treated of the motions of the bodies of the 
5olar system, viz., of those bodies that describe orbits referred 
to that body as a centre, we have now to speak of the stars, 
or of those comparatively fixed bodies that preserve sensibly 
from one age to another the same relative situation in the 
heavens, and are, therefore, popularly called fixed. In the 
sequel we shall find that this term is not strictly true, and 
that the greater number of the fixed stars have measurable 
motions of their own, but the designation is sufficiently 
accurate for ordinary purposes, and serves eflfectually to 
distinguish them from the planets, whose motions, as seen 
from the earth, are incomparably more rapid. 

272. The stars are so distant from us that they are in- 
capable of being distinguished except by their brightness, 
or, to use the term generally applied, by their magnitudes. 
The separation of stars by magnitudes has been made 
from the earliest times altogether by estimation of their 
brightness with the eye, and this estimation being necessarily 
vague, the magnitudes as given in catalogues of stars are in 
some respects vague and indeterminate, and hardly accurate 
enough for the present purposes of sidereal astronomy. 

278. A few stars of the heavens, pre-eminently bright, are 
called stars of the first magnitude, but this class includes 
very few, the number given in the '* Nautical Almanac*' list 
being only thirteen. Stars next to these in brightness, and 
differing only slightly, are said to be of the first-second or 
the second-first magnitude, accordingly as they by estimation 
ajtpear to be nearer stars of the first or the second magnitude. 
The next class comprises stars of the second magnitude with 
Jta BubdivisJOJiB, and so on to the third, io\u:t\i,&c.,x£i«b^K^Ti!i'^^. 
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The low6Bt class visible to the naked eye consists of stars 
between the fifth and sixth magnitudes, thongh on very clear 
evenings good eyes may distinguish stars of the sixth magni- 
tude. The classes of inferior magnitudes are estimated 
according to their relative brightness as seen in telescopes, 
and of course the estimations become still more vague on 
account of the diflferent powers of the telescopes employed, 
and because a general view of them cannot be obtained for 
the purpose of direct comparison, q,s is the case with the 
naked eye when directed to the heavens, 

274. We are indebted to Professor Argelander, Director 
of the Observatory at Bonn, for ^ complete classification of 
all the stars visible to the naked eye in the northern heavens 
according to their magnitudes, in a catalogue entitled '* Urano- 
metria Nova/^ published several years ago, which should be in 
the hands of every astronomical student. 

276. Mr. Johnson, formerly Director of . the Radcliffe 
Observatory at Oxford, also paid great attention to this 
subject, and repeatedly estimated the magnitudes of all the 
stars observed by him, so as to obtain a much more definite 
scale than has been ever practicable before.* 

276. For the better classification of the stars, the ancients 
divided them into fanciful groups, called constellations. The 
boundaries of these constellations were assigned from the 
supposed resemblance to the figures of men, animals, &c.y 
and in many instances represent the deified heroes or 
heroines of antiquity, such as HerciUes, Perseus, Andromeda^ 
Cassiopeia, The most remarkable northern constellations 
called by the names of animals are Ursa Major, Ursa Minor, 
Draco, Cygnus, Serpens, Aries, &c., together with those 
crossing the zodiac, as Aries, Taurus, X^eo, &c. The number 
of constellations thus named, which are included in Ptolemy's 
catalogue, is forty-eight. Spme stars of conspicuous brightness 
still retain the designations given to them by the Greek and 
Arabian astronomers, such as Algenib, Achemar, Sirius, Rigel, 
Aldebaran, Capella, Arcturus, Antares, Spica Virginis, 
Eegulus, Canopus, Fomalhaut, &c. Bayer, an astronomer 
of the seventeenth century, the better to distinguish the 
stars in their respective constellations, assigned to them 
letters of the Greek, Italic, and Boman alphabets: the 
brightest star having affixed to it a, the first letter of the 
Greek alphabet, the second fi, and so on, till, these b^vc^% 

* On this subject see a valuable paper "by '^\nc.Ti^^?»'\a.'C&ft "So\.v*% 
^tA^ Boyal uisiranomical Society, vol. x\., p. \%*1 % 

H 2^ 
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exhausted, recourse was had to Italic and Eoman letters. 
Thus a AquilcBj a LyrtB, are the brightest stars in the con- 
stellations Aquila and Lyra, and so on. 

Notwithstanding the occasional confusion and inconve- 
nience caused by these fanciful divisions of the stars into 
. constellations, yet the general convenience is so great, and 
(what is of still greater importance) the stars have become by 
long usage so inseparably identified T^ith their names, that 
it is impossible at the present time to make a complete 
revision of nomenclature. Yet, if any one is desirous of 
knowing what is thought on this subject by some of the 
most profound astronomers of the day, and the grounds on 
which a change of nomenclature has been thought desirable, 
he may consult a valuable paper by Sir John Herschel in 
the ** Introduction to the Catalogue of Stars,** published by 
the British Association. 

• 277. We have already spoken of catalogues of stars, and 
it will be necessary to devote a few words to the explanation 
of their construction. 

278. It has been explained that the places of objects in 
the heavens can be &eed from all the effects of displacement 
to which the observations of them at the surface of the 
earth are liable, and can be referred to a fixed equinox and 
equator. It is usual in fixed observatories to reduce the 
observations of all stars ta their mean positions for the 
beginning of the year of observation by the application of 
the corrections for precession, nutation, aberration, &c., and 
their places are then such as they would be if referred to the 
mean position of the equinox and equator for the beginning of 
the year ; that is, the places of reference are thus fixed, and 
the observed places of the stars should be theoretically the 
same for every observation. By collecting the separate 
' observations of each star, therefore, a mean of the results 
will give with considerable accuracy the mean place for the 
beginning of the year. The mean right ascensions and polar 
distances of the stars are thus collected into a catalogue 
according to the order of their right ascensions (that is, start- 
ing from O** according to the order of their diurnal revolu- 
tion), and thus a catalogue of mean places of the stars 
observed during the year is formed. It is usual also to add in 
separate columns the star's mean precessional motion in right 
ascension and North Polar distance for one year, and, if it is 
jkoown, the proper motion is also given. By tliese means it 
IS easy to combine the results of several -yewts' o\i^er^g.\IvMi& 
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into one catalogue for some intermediate epoch, with no 
greater risk of error than is entailed by the mean effect of 
the trifling uncertainty of the actual motion of the equinox 
and of the proper motion in this interval, which, for a few 
years, is exceedingly small in the present state of astronomy. 
Thus the results of all the star observations made at Green- 
wich, between the years 1836 and 1860, both inclusive, 
are embodied in four cd.talogues, each containing the observa- 
tions for six or seven years. It was not thought prudent 
to combine them all into one catalogue on account of the 
objection arising from the possible uncertainties already 
spoken of, and the reader may hence judge of the jealous 
caution exercised in all matters subject to the smallest 
doubt. The proper motions of all such stars in the above 
catalogues as were observed by Bradley, for the first three 
catalogues above mentioned^ have been computed by the 
author of this treatise, and are published in the Memoirs of 
the Royal Astronomical Society. For all such stars, then, 
the places can be predicted with infallible accuracy for at 
least a century, certainly with * smaller risk of error than 
belongs to a single observation^ i^ 

279. Having thus explained the formation of a catalogue 
of stars, we will mention some of the most important collec- 
tions, both ancient and modern. The first forms part of the 
famous ** Almagest" of Ptolemy, supposedto have been compiled 
from the observations of Hipparchus made 267 years before, 
and reduced to Ptolemy's epoch by adding the amount of the 
precessional motion in longitude. This is the only ancient 
catalogue, and it contains 1,022 stars^ 

280. The next in order is the catalogue of Ulugh Beigh, 
a Persian prince, containing 1,017 stars, compiled from his 
observations made about the year 1437 ; and the next is 
the catalogue of the celebrated Tycho Brahe, containing 
777 stars, arranged in 45 constellations^ from observations 
made in the latter part of the sixteenth century. 

281. The above catalogues have been re-edited and rendered 
more available for modern readers by the late Mr. Baily, and 
are contained in the thirteenth volume of the Memoirs of the 
Royal Astronomical Society. 

282. Bayer's catalogue, containing 1,762 stars, arranged 
in 72 constellations, we have before had occasion to notice. 
It was published in his " Uranometria" in 1603. Bayer intro- 
duced the classification of the stara b^ \Xift \^\X«v.^5^ ^"^ *^^ 
alphabet. 
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283. The celebrated catalogue of Hevelius comes next, 
and contains 1,888 stars derived from his own observations. 
The epoch is 1661. It was published in the ** Prodromus 
Astronomiad " in 1690, and is the last collection of star places 
derived from observations made without the help of the 
telescope. It is included in Mr. Baily's collection before 
mentioned. 

284. Next follows the far more important catalogue of 
Flamsteed, which is the real basis of correct modem astro- 
nomy. (See our article on Observatories.) This catalogue 
was compiled from Flamsteed's observations made with the 
use of the telescope on a fixed mural arc, and was published 
by Flamsteed's executors in the ** Historia Coelestis Britan- 
nica *' in 1725. It has also been re-edited by Mr. Baily. 

285. The most celebrated catalogue of the eighteenth 
century ts that of Bradley, containing 8,222 stars. It is 
included in the "Fundamenta Astronomise" of the illus- 
trious Bessel, published in 1818. This book is the greatest 
treasure possessed by astronomers, both from the goodness 
of the observations on which the catalogue is founded, and 
for the methods of reduction used by Bessel, which comprise 
all the refinements of modem mathematical skill. 

286. Other fundamental catalogues are those of Piazzi 
and Groombridge. The former contains nearly 7,000 stars, 
and the latter 4,243, and the respective epochs are 1800 and 
1810. Both these catalogues are of inestimable value. 

287. The last original catalogues which we shall mention 
are those of Lalande and Lacaille, containing respectively 
47,890 and 9,766 stars for the years 1800 and 1750. Both 
these catalogues have been recently published by the British 
Association, the reductions of the observations having been 
made under the authority and at the expense of that body. 

288. The best modern compiled catalogue (that is, a 
compilation from all the best original catalogues before 
mentioned) is that of the British Association, containing 
8,377 stars, reduced with great accuracy, and giving the 
elements of reduction for obtaining the apparent place of a 
star for any given day. This catalogue replaced the ** Astro- 
nomical Society's Catalogue,** which was published in 1827, 
and compiled by Mr. .Baily. The appearance of this latter 
catalogue, with Mr. Baily's elaborate preface, of itself marked 
a new epoch in astronomy. 

£S^, Id connection with the formation of catalogues of 
stars we are naturally Jed to treat oi \ikie\x proper mot\(m%. 
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Imagine two catalogues of the same stars to be fonned for 
two epochs, difiering by a considerable interval ; for example, 
the star catalogue included in Bessel's *' Fundamental* which 
is deduced from Bradley's observations, and whose epoch is 
1755, and the Greenwich Catalogue of 2,156 stars, whose 
mean epoch is about 1842. Now we can, by the theory of 
precession which has been previously explained, bring up 
the places of Bradley's stars to the epoch of the modem 
Greenwich Catalogue without material error, and then, neglect- 
ing error of observation, which in the mean of several is 
very small, the result should be identical with the results of 
the latter catalogue. But we find this to be absolutely the 
case for very few stars, and, in a great many instances, the 
differences are so great that it is necessary to seek for some 
cause totally different from those apparent displacements of 
all the celestial bodies that we have thus far had occasion to 
consider. On the whole, also, the differences follow no law 
of sign or magnitude dependent on the position of the stars, 
by which we could represent their whole amount; and we 
are thus justified in considering them to be real or proper 
motions of the stars themselves. Indeed, it is exceedingly 
unlikely, from what we know of the motions of the bodies of 
the solar system, that any one of the stars is absolutely at 
rest, since on that supposition it could only remain so by 
the total absence of any attractive force from other bodies, 
that is, it must be at an infinite distance from every other. 
The observed differences then being divided by the number of 
years between the two epochs will give the annual proper 
motions of the stars. As a general rule it is found that the 
brightest stars, that is, the stars of the first and second magni- 
tudes, have the largest proper motions, but this rule has most 
remarkable exceptions. For instance, the two stars of 61 
Cygni, whose distance has been discovered (see pp. 50, 51), 
and whose magnitudes are not much above the sixth, have a 
common annual proper motion of about 5^'', and the star 
No. 1830 of Groombridge's catalogue has one still greater : 
/z and Cassiopeiad have also large proper motions. All such 
stars, the reader will easily understand, are likely to be much 
nearer to as than those whoso propei^ motions are insigni- 
ficant, and are proper subjects for the attempt at the investi- 
gation of their parallaxes. The parallax of Groombridge 
1830 appears, however, to be exceedingly small, and is 
scarcely recognisable by the refined ob^etN^v^ros^ ^^'a^^^siffv^ 
been made of it by M. Peters oi l\i^■2\i^oN^i»C^i'^«r^'«i^'«^' 
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290. Amongst the most interesting of the phenomena 
ordinarily observable in the stars is that of the periodica) 
variation of brilliancy belonging to some of them. In the 
time of Tycho, a star suddenly appeared in the co?3stellation 
Cassiopeia, with a lustre exceeding that of stars of the first 
magnitude, and rivalling Jupiter and Venus when nearest to 
the earth. Its brightness decreased very rapidly, and at the 
end of sixteen months it was no longer visible. Its colour 
during this time underwent considerable variations. Another 
star of the same kind was observed in 1604, in Ophiuchus, 
and all the phenomena connected with it were similar to 
those of the former. At the present time, owing to the 
constant and systematic observations of the stars, a tolerably 
large list of variable stars has been collected, and the periods 
of maximum and minimum brightness of some of them 
have been ascertained. Of these fi Persei is a remarkable 
specimen. Its whole period of change is rather less than 
2d 20*» 49", during which time it varies in brightness from 
the second magnitude to the fourth. It continues at its state 
of greatest brightness for rather more than 2^ days, and all 
its changes are confined to a few hours. The phenomena 
connected with this star strongly confirm the idea of a dark 
body revolving round it, and periodically obstructing a great 
portion of its light. Another variable star of the short 
period of 6^ 9** nearly, is d Cephei. p LyraB has a period of 
either 6J days, or 13 days nearly, astronomers being rather 
divided in opinion. For a list of several other stars whose 
periods have been ascertained with tolerable certainty, the 
reader may consult Sir J. Herschel's " Outlines of Astronomy,** 
page 558, and we would recommend the study of this 
interesting class of stars to any of our young readers who 
are provided with a telescope of moderate power, as a very 
delightful and profitable exercise. Mr. Bind, whose labours 
we have occasion so frequently to mention, has added four 
to the list. Such stars as those observed in the sixteenth 
century are more properly denominated temporary stars, the 
designation variable being confined to those that have a deter- 
mined period of maximum and minimum brightness. For 
an account of a very remarkable temporary star which 
suddenly appeared on May 12th, 1866, the reader is referred 
to the Appendix to this volume. 

291. Of the difierent hypotheses devised for the purpose 
ofacconnting for the phenomena of variable stars, the two 

laos^ probable are that either the stars, \\ke \he «vni,To\a»\A 
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on an axis of revolution, and present in succession surfaces 
of greater and lesser illumination ; or that they are attended 
by opaque bodies or planets revolving round them, and 
periodically obstructing some of their lights Bessel thought 
that he had discovered a variability in the proper motions of 
Sirius, Procyon, and one or two other stars which have been 
accurately observed for about a century, which could be 
explained by the disturbances incident to a planetary system, 
but the fact of the irregularity of proper motion does not 
appear to be quite confirmed. 

292. The next class of stars presented to our notice are 
double and rnultiple stars. These may themselves be divided 
into two classes, viz., either those that are only optically 
double, that is, by being projected when seen from the earth 
on very nearly the same point of the heavens; or those 
which are physically connected by gravity, and revolve round 
each other as the planets do round the sun. The researches 
connected with this portion of modem astronomy owe their 
origin to Sir W. Herschel, to whom we are indebted for the 
first catalogues of double stars. Since his time it has been 
most zealously prosecuted by his illustrious son and Sir 
James South, with several other astronomers in England, 
but especially by the great Kussian astronomer Struve. 
Struve's large catalogue of double stars, in connection with 
Sir John Herschel's observations at the Cape ^f Good Hope, 
has given us in this particular a complete survey of the 
northern and the southern heavens, and these eminent 
astronomers have left nothing for future observers but a 
scanty gleaning after their rich harvest. 

298. The observation of a double star consists (in addition 
to notes of magnitude and colour) in the determination of 
the distance in seconds of arc of the two components^ and oi 
its angle of position, that is, of the angle which the line of 
direction of its components makes with the meridian, or 
great circle joining the pole and the stars* By observations 
continued through the greater part of a century, it is certain 
that the angle opposition of several double stars is not fixed, 
but that the line joining the components revolves constantly 
in the same direction, and some stars have actually com- 
pleted a whole revolution since the commencement of accurate 
observation. Three of the most remarkable of these physically 
connected systems are, 61 Cygni and y Virginis in the 
northern hemisphere, and a Oentauri \iv tl^i^k ^w^^^\fi?ca.. ''^^'^ 
distance of the two stars oi ^1 Cj^^\ \i"W^ Xi^'src^ \s^<ss?^^ 

J 
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constant since the earliest observations, and is about 15^''; 
but the angle of position has varied by about 50" in seventy 
years. Now we have in our chapter on parallax (pp. 60, 51) 
shown how the parallax, and therefore the distance of this 
star from the sun, has been measured by Bessel, and we 
need only repeat here that the mean value of the parallax 
(or angle subtended by the radius of the earth's orbit at the 
star, or rather the value of the angle whose tangent is 

* rad. of earth'8 orbit, j^ ^.g^g,, ^^^^^ j^ ^^^^^^^ ^^^^ ^j^^ 

dist. of star 

distance between the stars is greater than the radius of 
the earth's orbit in the proportion of 15 J to 0*348, or of 
44^ to 1 nearly. The orbit, therefore, described by these 
stars round each other must of necessity be considerably 
greater than that of Neptune, whose distance from the sun is 
not much greater than 80 times the radius of the earth's orbit. 
Again, supposing the revolution of the stars round each 
other to be uniform, their time of describing the complete 
orbit will be -W X 70 years, or rather greater than 500 
years. By means of these data, we find, by the applica- 
tion of Kepler's third law, the sum of their masses to be a 
little greater than one-third of the mass of the sun. 

294. The distance of the two components of a Centauri 
was in 1834 al^out 171", ^t^^ decreases at the rate of about 
half a second per year, while the angle of position remains 
tolerably constant. Observations have not been continued 
long enough to determine the orbit described by the stars 
round each other with any accuracy ; but if we assume, with 
Sir J. Herschel, that the major axis must at the least exceed 
24", and with Henderson and Maclear (see pp. 52, 53) that the 
parallax is rather less than 1", then the real value of the axis 
of the orbit described is at least 18 times that of the earth's 
orbit. 
' 295. y Virginis is another remarkable double star whose 
components are physically connected and of nearly equal 

* magnitudes. This star has had the elements of its orbit 
calculated by several astronomers with great exactness, 
according to the principles laid down by Sir John Herschel. 
The late Admiral Smyfli, so well known in the astronomical 
world, has devoted considerable time and labour to this 
investigation, both by methods of ordinary calculation and 

Jby graphical methods, and it occupies a couBiderable space 
^ Mb " Cycle of Celestial Objects." 
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296. When the components of a doable star are very 
unequal in magnitude, their colours are generally comple- 
mentary to each other; thus, if the larger star be of a 
yellowish colour, the lesser one will appear bluish ; but i^ 
the colour of the larger star incline to crimson, the other 
will be of a greenish hue ; if again the smaller star be very 
much fainter than the other, the latter will not be affected 
by its light. Sir J. Herschel suggests the possibility of these 
colours being not purely the result of contrast, but of light 
differently tinted, emanating from the stars themselves ; and 
if this should be the case, it is scarcely possible to imagine 
the glorious effects of coloured lights that would be pro- 
duced during the revolutions of the planets attendant on 
such primaries. In many parts of the heavens, stars of 
a deep red colour occur, unattended by companions, but 
stars of a green or bluish tint have never been observed 
alone. 

297. It was suspected by Sir W. Herschel that the sun 
has a proper motion in space, and this opinion, conformable 
as it is with analogy, has been proved to be true, though the 
illustrious Bessel, from the results of Bradley's Observa- 
tions, thought otherwise. In any extensive catalogue of 
proper motions* in right ascension, if the very small and 
doubtful ones be rejected, it will be found that from about 
seventeen hours to five hours of K. A., the proper motions 
are on the whole such as to increase the right ascension, and 
that between five hours and seventeen hours they tend to 
diminish them. Now this is just the effect that would be 
produced by the motion of the sun towards a point in the 
heavens of about seventeen hours K. A., for it is evident that 
the angular distances of all the stars in that part of the 
heavens towards which the sun is moving will be increased, 
while the angular distances in the opposite part of the 
heavens will be diminished. The stars will therefore be, 
with regard to right ascension, apparently thrown farther 
away from the seventeen-hour meridian, and the right 
ascensions greater than seventeen hours will be increased, 
while those less than seventeen hours will be diminished, 
which is conformable to the observed fact. Several elaborate 
investigations have been made of the position of the apex of 

* See, for example, the author's discussion of the proper motions of 
stars of the Greenwich Catalogue hy comparison with Bradley's Ob- 
servations. Memoirs of the Boydl Aatmnmnicdl Society^ vqIa« xix.. «ss^ 
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solar motion by Professor Argelander, M. Lundahl, M. Otto 
Struve, Mr. Galloway, and the Astronomer Royal. M. Otto 
Struve, by some very refined speculations, deduced not only 
the direction, but a very near probable value of the amount 
of the solar motion. By his results, it appears that the sun 
is moving towards a point in the constellation Hercules, 
defined by R. A. 259°, and N. P. D. 55°, with an annual 
velocity of about 0*3" measured in the arc of a great circle 
for a star at the unit of distance, situated 90'' distant from 
the apex of motion. The much more elaborate investigation 
of the Astronomer Eoyal and Mr. Dunkin has shown that 
the amount of the solar motion is still subject to great 
doubt. 

298. M. Madler, some years ago, speculated on the 
determination of the point of the heavens where the central 
body is situated, round which the sun revolves. This point 
he places in the group of the Pleiades, a point lying con- 
siderably out of the plane of the milky way, a situation, as 
Sir J. Herschel rem Jks, in itself very improbable, " since it 
is almost inconceivable that any general circulation can take 
place out of the plane of the galactic circle.'* 

299. Thus far we have treated of stars properly so called, 
that is, of celestial objects which, when viewed with tele- 
scopes of the highest power, present to the eye only single 
points of light. But there are scattered in various parts of 
the heavens other objects which never present the image of 
a star, and are seen very differently, according to the power 
of the telescope employed. Such objects are classed under 
the general term nebvlcB. When viewed with telescopes of 
moderate power, such as those in use before the time of Sir 
William Herschel, they present generally the appearance of 
a small nebulous or clouded mass of light. 

800. In the Connaissance des Temps (French Nautical 

Almanac) for 1784, Messier gave a catalogue of 108 nebulae, 

and those found in his catalogue have been since generally 

referred to under the numbers assigned by him. In general 

they appeared to him simple nebulous masses, and received 

no farther subdivision. But the powers of Sir William 

Herschel's large reflecting telescopes showed a great variety 

of structure and form of these wonderful objects, and he was 

enabled to resolve all that he discovered in his general sweep 

of the northern ieavens into the following classes : — 

1st, Those decidedly reaolvedi into cluslexa oi ^e^«ii«ift«tflia, 

-&£/. Those which were not whoUy xeaoVveA., "W\. ^\iv^ 
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apparently would be by the use of greater optical powers. 
8rd. Those which in his telescopes showed no trace of 
resolution. 4th. Planetary nebulaB. 6th. Stellar nebulsB ; 
and 6th. Nebulous stars. 

We will devote a few words to each of these classes. 

801. Of the first class a remarkable specimen is Messier 
18, pictured in Sir J. Herschel's ** Outlines of Astronomy.** 
It consists of a nearly spherical mass, containing a closely- 
wedged multitude of stars compressed into a space not 
greater than 10' in diameter, with a remarkable condensation 
of numbers and brightness towards the centre. Others of 
this class are of irregular figure, and generally contain fewer 
stars, and have less condensation towards the centre. They 
are mostly found either in or near the milky way. 

802. Of the second class (many of which, imperfectly 
resolved before, have yielded to the powers of Lord Rosse*s 
gigantic 6 ft. reflector), the shape is generally round or oval, 
the irregularities of their outlines being probably rendered 
invisible by the distance. 

808. Of the nebulsB which are with great difficulty or not 
at all resolved in the most powerful telescopes, the most 
remarkable are the elliptic and the annular. In the elliptic 
the density always increases towards the centre, and the 
excentricities are of every magnitude, some being very flat 
or almost resembling a straight line, and others of very 
moderate ellipticity. The most remarkable of this class is 
that near y AndromedsB (in the girdle), visible to the naked 
eye, and frequently mistaken for a comet.* It was observed 
in America by the late Mr. G. P. Bond, Director of the Ob- 
servatory of Cambridge, near Boston, with the great refractor 
recently of that establishment, and some very remarkable 
peculiarities of its form, extent, and general structure have 
been elicited by his description. (See Trans. Amencan Acad,^ 
vol. iii.) 

804. Annular nebula are very rare, but the most remark- 
able specimen is in Lyra, between the stars fi and y of that 
constellation. It consists of an elliptic ring of well-defined 
nebulous light, the axes being nearly as 5 to 4. The central 
vacant space contains traces of nebulous matter, and Lord 
Bosse with the 6 ft. reflector has detected a pretty bright 
star not far from the centre, and a few other minute stars. 

* Indeed, I believe there are few astronomers who have not had the 
misfortune once at least in their lives \a is\ak<& \}!da"^ iiaaJvaiBA* "^^»Sa 
exactly like a comet without a tail. 
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<* In tlie annnlns there are several minute stars, bat there 
was still much nebulosity not seen as distinct stars." 

805. Planetary nebula present circular or slightly oval 
disks, resembling planets, but with diflferent degrees of 
definitions at the borders. Very few of these objects have 
been discovered, and of these the greater number are in the 
southern hemisphere. One of the largest, however, is near 
the star p UrssB Majoris, following it in the same parallel by 
about 12" of R. A. Its apparent fiameter is about 2|', which 
would imply a real diameter seven times greater than the 
orbit of Neptune, even supposing it no farther from us than 
61 Cygni. 

806. Double nebula sometimes occur; and if, as seems 
very probable, they are like physically-connected double 
stars, that is, if they form two distinct systems of countless 
stars, each having its own centre of condensation, yet 
revolving round each other by the tie of gravitation, ima- 
gination quite fails to realise the vastness of the idea thus 
suggested to us. 

807. Nebulous starsy as defined by Sir J. Herschel, consist 
of ** a sharp and brilliant star, concentrically surrounded by a 
perfectly circular disk or atmosphere of faint light, in some 
cases dying away insensibly on all sides, in others almost 
suddenly terminated." 65 Andromedae and 8 Canum Vena- 
ticorum are good specimens of this class. Lord Bosse gives a 
most interesting account of a star of the eighth magnitude of 
this class as seen with his 6 ft. reflector. ** There is no trace 
of resolvability. The outer ring is seen on a pretty good 
night completely separated from the nucleus surrounding 
the brilliant point or star. . . . There is a small dark space 
to the right of the star which indicates a perforation similar 
to that discovered in some others." Of i Ononis the 
•characteristics are still more interesting. 

808. Many of the nebulcB viewed by* Lord Eosse are 
remarkable for a spiral conformation ; that is, from a point of 
very great condensation nebulous streaks of variable density 
radiate in spiral convolutions, and in a way which denotes 
great regularity in the organisation of the structure. Nos. 

. 61 and 99 of Messier, which are sketched by his lordship, 
are beautiful specimens. (See Phil. Trans, for 1850, for 
drawings of the nebulsB as seen by Lord Bosse.) 

809. We have now given a passing notice of all the classes 
of nebnlsd which are visible in the northern hemisphere, but 

Misre are two remarkable phenomena \\Bi\Ae m\>i;i ^<^ hvSil^^ 
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eye in southern latitudes, called the Magellanic ChiidSf 
which require mention. They are two cloudy masses of 
light, of a somewhat oval shape, hut the larger daviates most 
from the circular form, and exhibits ^* the appearance of an 
axis of light, very ill defined, and by no means strongly 
distinguished from the general mass, which seems to open 
out at its extremities into somewhat oval sweeps, constituting 
the preceding and following portions of its circumference .... 
When examined through powerful telescopes, the constitution 
of the nebulsB is found to be of astonishing complexity. 
The general ground of both consists of large tracts and 
patches of nebulosity in every stage of resolution, from 
Hght irresolvable with 18 inches of reflecting aperture, up 
to perfectly separated stars like the milky way, and cluster- 
ing groups sufficiently insulated and condensed to come 
under the designation of irregular, and in some cases pretty 
rich clusters. But, besides these, there are also nebulae in 
abundance, both regular and irregular ; globular clusters in 
every state of condensation ; and objects of a nebulous 
character quite peculiar, and which have no analogy in any 
other part of the heavens.'** 

810. We have now completed the plan which was proposed 
at the outset of this work. Beginning with those remark- 
able features and phenomena of the heavens which are 
forced on the attention of every one alike, we have endea- 
voured to trace the successive steps in the reasoning by 
which the diurnal and apparent are separated from the real 
motions of the heavenly bodies. We have then given, as 
fully as our space permits, an account of the operations by 
which the figure and dimensions of our own globe are 
ascertained, and by which it becomes the basis for the 
measurement of the magnitudes and distances of the other 
planets. An account has then been given of those instru- 
ments principally employed for determining relatively and 
absolutely the positions of the heavenly bodies, and of the 
successive corrections which it is necessary to apply to the 
observed places before they can be rendered available for 
the use of the theoretical astronomer. A specific account 
is then given of the bodies of the solar system, viz., of the 
great centre of attraction, the sun, and of all those bodies 
that revolve round him in elliptical orbits, and in this part 
of the work we have endeavoured to introduce the reader to 
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some popular notions respecting physical astronomy, or the 
effects of the universal law of gravitation in producing not 
only the motions v^hich rough observations of the planets 
exhibit to us, but those minute deviations Which only refined 
observations can detect and the most refined and complicated 
analysis can extract as consequences of the general law. 
Lastly, the student has been introduced to a popular view of 
sidereal astronomy, and to the wonders which such telescopes 
as Lord Bosse's have revealed to us. 

If an intelligible idea has been gained of the processes 
and results of astronomical science thus briefly sketched, — 
if the student has learnt at all to appreciate the labours of 
those learned men who have with unwearied industry, each 
in his own department, helped to build up the noble structure 
of the theory of the heavens, such as it is exhibited to the 
more advanced student at present ; but above all, if he has 
learnt to adore more profoundly the infinite wisdom of the 
Almighty Architect who, by his word, created all these won- 
ders that we are lost in contemplating, this little book will 
not have been written in vain ; and the author will not regret 
having added one volume more to the list of those handbooks 
of popular astronomy that seem even now too numerous. 
The study of Astronomy, to benefit the reasoning powers of 
the student, must show the nature of the processes by which 
the grander features of the science, which all delight to con* 
template, have been arrived at ; and must at the same time 
point out with some accuracy the boundaries of our know- 
ledge. We deal with a science which abounds in the mar- 
vellous and illimitable. We gird the earth with a measuring 
line of indisputable accuracy, and we measure the distances 
and determine the weights of the planets with wonderful 
precision, and we finally enter within the regions of what we 
might have supposed infinite space, and find the distances 
and determine the masses of the stars. But these successive 
steps have been gained by no empirical processes, but by 
the sure yet cautious application of inductive principles. As 
the quantity on which the phenomenon we are seeking 
depends becomes less and less, our jealous scrutiny of all 
the sources of error and delusion in our instruments and 
means of observation becomes greater, and the analytical 
processes by which we extract it from our observations 
become more refined. 
We have endeavoured to familianse the mind of the 
student with Buch principles in the jirst ig^aiift, mi^ Va. ^^ 
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second to give a sufficient number of examples of the most 
interesting facts and phenomena of the science. If the 
principles be understood, a multitude of books will be found 
which will give the resuUs in a more taking and interesting 
form. Our aim has been not to write a merely popular, but 
a useful book, which may serve as an introduction, both to 
such books as Sir J. Herschers " Outlines of Astronomy,** 
which embraces the whole subject in a popular s]iape for 
one class of readers, and for another class to books which 
are devoted to the mathematicEil and systematic treatment 
of the subject. 



APPENDIX. 

ON SPECTRUM ANALYSIS AS APPLIED TO THE HfeAVENLY BODIES. 



1. No Treatise on Descriptive Astronomy conld at the 
present time be considered complete without some account 
of what is called spectrum andysis. To understand the 
discoveries which have been made in this branch of science, 
the student must be assumed to have some acquaintance 
with physical optics ; but the facts necessary to be known 
are so few and simple that it will be well to devote a few 
lines to them before proceeding to explain the discoveries 
which have been made by their application to the science 
of Astronomy. 

2. Light, as we are commonly conversant with it, is pure 
or white ; that is, the images of objects rendered visible by 
it are ordinarily colourless, if it passes without interruption 
from the object to the eye. If also it be reflected at the 
surface of glass, or any other polished surface, it is colourless, 
as in the case of an object seen in a mirror or looking-glass. 
If, however, the rays be separated by being made to pass through 
glass, or any other transparent substance, before meeting the 
eye, the image of an illuminated object is no longer colour- 
less, but spread out or dispersed in a variety of brilliant, 
colours. A triangular prism of glass is generally used for 
experiments upon this dispersion of light, and the coloured 
image thus dispersed is called a spectrum. Most persons are 
familiar with the spectrum thus produced by a beam of sun- 
light made to pass through a prism, and from thence upon 
the wall of a room. As, however, each point of the surface 
o£ the sun sends out a beam of light which forms a separate 

Bpectmin, considerable confusion would arise in the colours 
^as produced, and no scienti&c deductioika (^oxiDkdL \>^ xcl<^<^ 
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without several preliminary precautions. As the dispersion 
will be produced in a plane perpendicular to the length of 
the prism, light is introduced into a generally darkened 
chamber through a very thin aperture or slit, and the prism 
is laid against it with its sides parallel to its direction. If, 
then, the eye be applied to the prism, or if the images be 
thrown upon the opposite wall of the room (presuming that 
the prism is a good one, that is, made of homogeneous glass 
' without strisB or other defects, and with its sides accurately 
plane), the boundaries of the colours of the spectrum can be 
well observed, and even some of the more diJficult phenomena, 
with the unaided eye; but for scientific observations it is 
usual to employ a small telescope furnished with a micro- 
meter for measurement of the different portions of it. 

8. The colours, as given by Newton, which will be seen 
in the ribbon of dispersed light thus produced, are seven, 
namely, red, orange, yellow, green, blue, indigo, and violet, 
of which the red arises from the least refrangible rays, and 
the violet from the most refrangible, the others having a 
calculable refrangibility lying between the extremes. 

4. On a careful examination through the telescope, it will be 
found that the different colours are crossed by a great number 
of dark lines, not absolutely black, but of different degrees 
of blackness. These are called Frauenhofer's lines, from 
the name of the celebrated German optician who first 
accurately observed and measured the position of them in 
the year 1815, though the discovery of them was due in 
the first place to our own countryman. Dr. WoUaston, in 
the year 1802. Some of these lines are more conspicuous 
than others, and Frauenhofer chose eight, which he denomi- 
nated A, B, C, D, E, F, G, and H, with whicE to compare 
the rest. A, B, and are single dark lines in the red ; D is 
a double line between the orange and the yellow ; £ is a group 
of fine lines in the green ; F is a strongly-marked black 
line in the commencement of the blue ; and G and H are two 
groups of fine lines in the indigo and violet respectively. It 
must be remarked, as important to be remembered, that these 
lines, when sunlight is used, are invariable in their positions 
relatively to the colours of the spectrum. 

5. For many years these dark lines of the solar spectrum led 
to no further discovery, though philosophers were induced to 
speculate on their nature, and their guesses led gradually to 
a better knowledge of their origin. Thus, \iQ^\i ^xs. ^^«ss> 
Berachel and Sir David "BreNvalet aXVYv^yoX^^ H^««sl *^ *^^ 
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absorption of some of the rays ; and, in 18B2, the latter phi- 
losopher, after passing rays produced from some incandescent 
body through the coloured vapour of nitrous gas, produced a 
vast number of interruptions resembling Frauenhofer's lines. 
Professor Daniell, Professor Miller of Cambridge, and others 
soon proved that those lines depended specifically upon the 
kind of vapour or gas which was employed, and afterwards 
Professor Wheatstone discovered that the spectra produced 
by incandescent vapours of several of the metals consisted 
of a comparatively small number of detached bright lines, 
separated from each other by wider intervals of darkness. 
He was also enabled to declare, as the result of his re- 
searches, that ** by this mode of examination the metals 
might be distinguished from each other." Other philo- 
sophers, including M. Foucault, Professor Stokes, Professor 
Angstrom, and Dr. Balfour Stewart, were engaged in re- 
searches on this same subject, and were on the trace of the 
great discovery or generalisation which was actually reserved 
for a German philosopher. Professor Kirchhoff. 

6. The great truth enunciated by Kirchhoff, which is the 
basis of all the discoveries which have followed, is this : 

• that if a vapour, rendered incandescent by being raised to a 
high temperature, emits rays of certain refrangibilities — ^that 
is, of various definite colours — ^when exhibited in the spectrum, 
the same vapour, when at a lower temperature, will have the 
property of absorbing those particular rays, or of replacing 
them by dark lines in the spectrum* He proved, in fact, 
by making a series of experiments dn various gases and 
vapours, that when they are interposed between the eye and 
an incandescent body, they produce a series of dark lines in 
the spectrum, and that the group of dark lines produced by 
each vapour is identical in number and position with the 
group of bright or coloured lines of which the light of the 
vapour consists when it is luminous. 

This great truth was no sooner communicated, in 1859, 
than it was eagerly tested by original inquirers, and by none 
more zealously than by our own countrjrmen, Mr. Huggins 
and Dr. W. A. Miller. 

7. The principle of the application of the law is very 
obvious. Take, for instance, the case of the solar spectrum. 
The dark lines in it are produced by relatively cold vapours 
jntervemng between the eye of the observer and the photo- 

ephere of the sun, and these vapours arise from certain 
^abstanees in the Bxm of which we wisii to VxiNQ«»\A%^\A ^"^ 
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nature. We must plainly vaporise by heat the terrestrial 
substances which we wish to compare, and find out, if pos- 
sible, which of the bright lines produced in the spectrum 
are identical in position with some of the dark lines in the 
solar spectrum. To do this, it is necessary that the two 
spectra should be examined together, or fixed in juxtaposition 
with each other ; and in this consists the difficulty of devising 
a suitable apparatus. 

We will describe in Mr. Huggins' own words that form 
of spectroscope which was devised by him for the purpose, 
and used for measuring the spectra of the stars. 

8. " Within the tube gr adapter of the telescope (equato- 
rially mounted and driven by clockwork) another tube slides, 
carrying a cylindrical lens. This lens is for the purpose of 
elongating the round point-like image of the star into a short 
line of light, which is made to fall exactly within the jaws 
of a nearly closed slit. Behind this slit an achromatic 
lens, placed at the distance of its own focal length, causes 
the pencils to emerge parallel. They then pass into two 
prisms of dense fiint glass. The spectrum which results 
from the decomposition of tl\e light by the prisms is viewed 
through a small achromatic telescope. This telescope is 
provided with a piicrometer screw, by which the lines of 
the spectra may be measured. 

*^ Tlie light of the terrestrial substances which are to be com- 
pared with th§ stellar spectra is admitted into the prism in 
the following manner : — 

** Over one half of the slit is fixed a small prism, which 
receives the light reflected into it by a movable mirror 
placed above the tube. The mirror faces a clamp of ebonite 
provided with forceps tp contain fragments of the metals 
employed^ These metals are rendered luminous in the state 
of gas by the intense heat of th^ sparks from a very power- 
ful induction coil. The light from the spark, reflected into 
the instrument by means of the mirror and the little prism, 
passes on to the prisms in company with that from the star. 

*^ In the small telescope the two spectra are viewed in 
juxtaposition, so that the coincidence and relative positions 
of the bright lines in the spectrum of the spark with the 
dark lines in the spectrum of the star can be accurately de- 
termined.** 

9. It is proper now to give a short account of the nature of 
the discoveries which have been recentlY ^ca»Afe Vj ^sv^^'^siss. ^ 
spectrum analysis, and we wiW. comiaeii^^ ^"SJOql ^iiasi^^ -c^aS^^ 
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by Mr. W. Huggins, Secretary of the Eoyal Astronomical 
Society of London, who is by far the most successful and 
laborious investigator in this branch of science. 

The best popiSar account of Mr. Huggins' researches, up 
to the year 1866, is that given by himself in his discourse at 
Nottingham, during the meeting of the British Association 
for that year, and we will give from it a notice of his dis- 
coveries in the various classes of the heavenly bodies in the 
same order as they are given by himself. 

10. First, with regard to ihejioped stars. 

He refers particularly to his observations of some of the 
brightest of them, and selects six, namely, Aldebaran, 
a Orionis, /3 Pegasi, Sirius, a LyrsB, and Pollux. 

In all of these he detects the presence of sodium and mag- 
nesium ; in five of them, iron ; and in one, barium. But the 
most remarkable are a Orionis and p Pegasi, not for what 
they contain, but for what they do not contain. 

In the spectra of these stars, for instance, there is no dark 
line corresponding to hydrogen ; and Mr. Huggins considers 
this as a very important and interesting fact, since the lines 
and F, which are absent in these spectra, are highly 
characteristic of the solar spectrum, and of the spectra of by 
far the larger number of the fixed stars to which his observa- 
tions have been extended. ** We hardly venture," he says, 
" to suggest that the planets -syhich may surround these suns 
probably resemble them in not possessing the important 
element, hydrogen. To what forms of life could such planets 
be adapted ? Worlds without water I A power of imagina^ 
tion like that possessed by Dante would be needed to people 
such planets with living creatures." 

11. With regard to variable stars, the prism does not 
appear to as yet give much positive information ; but in the 
case of one of them, a Orionis, when at its maximus of 
brilliancy, on February, 1866, Mr. Huggins missed a group 
of dark lines, the exact position of which had been determined 
with great accuracy two years before. 

12. With the phenomena of the variable stars may be 
associated temporary stars, or such as burst out at long 
intervals with sudden brilliancy, and then vanish again or 
become of their former magnitude. 

Such was the star which suddenly burst out in the time of 
Tjrclio Brabe, and that which appeared in Corona on the 12th 
of May, 1866. 
Mr. Huggins and Dr, Miller examined l\ie «^ftc\Kvxni wi 
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May 16, and were rewarded by some exceedingly interesting 
circumstances. The spectrum was found to consist of two 
distinct parts, or rather there were two distinct spectra, one 
of which was formed of four bright lines, and the other was 
analogous to those of the sun and stars. Now the character 
of the spectra with the bright lines shows that it had its 
origin in incandescent gases, and the positions of two of the 
lines showed that one of the gases was hydrogen. 

" These facts, taken in connection with the sudden out- 
burst of the star and its rapid decline in brightness from the 
second to the eighth magnitude in twelve days, suggested the 
startling speculation that the star became suddenly wrapped 
in the flames of burning hydrogen." 

This — if the explanation be correct, which scarcely admits 
of doubt — is certainly one of the grandest convulsions of 
nature which the eye of man has been ever permitted to see. 

18. We now pass on to the nebulcB, in which Mr. Huggins 
has for ever set at rest the doubt whether many of them are 
really gaseous substances, as their names and general appear- 
ance seem to denote, or whether they are simply clusters of 
stars seen at too great a distance to admit of being resolved 
by our most powerful telescopes. 

In August, 1864, Mr. Huggins flrst began the successful 
observations which have for ever settled the nature of these 
bodies. He first applied the spectroscope to a planetary 
nebula, small, but bright, which is designated in Sir W. 
Herschel's list as 87 H, iv. To his surprise he found, 
instead of the usual band of coloured light given by the stars, 
three isolated bright lines only. Now a spectrum of this 
kind, it will be seen from what has preceded^ can be pro- 
duced only by light which has emanated from matter in the 
state of gas, and therefore the long-vexed problem of the 
nature of the nebulsB was solved — at least with regard to that 
particular one. The next step was to determine the nature 
of the gas put in evidence by the light ; and by examination 
of the brightest of the lines, it was found to be due to nitrogen, 
and it occurs in the spectrum about midway between b and F 
of the solar spectrum. 

This is sufficient for an exemplification of Mr. Huggins' 
processes. He has continued up to the present time his 
researches upon the nebulae ; but, up to the year 1866, he had 
examined* sixty of them, of which one-third were found to 
belong to the class of gaseous bodi^^. TVi\^ Sa^ ^rtqsA. \»^^'5k 
strictly in unison with the inieteiiGG \»o \i^ ^w^?^^^^'^"^^'^^ 
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Eosse's telescopic observations, as it is found that about half 
of the nebulsB which give a continuous spectrum (that is, 
which consist of non-gaseous bodies) have been resolved by- 
Lord Eosse's large reflecting telescope, and about one-third 
more are probably resolvable ; while, of the gaseous bodies 
(namely, those which show only bright lines in th^ spectrum), 
none have been certainly resolved. 

14. Before lea.ving the subject of the stars and nebulsB, it 
is proper to mention a, very important and interesting dis- 
covery of Mr. Huggins with respect to the proper motions of 
the stars. Considering that the colour of any particular part 
of the spectnuA depends solely on the refrangibility of the 
rays which form that part, and that the index of refraction 
depends (according to the undulatory theory of light) upon 
the wave-length, or the number of vibrations made in a given 
time, anything which will alter the wave-length or the numbeir 
of vibrations will disturb the position of the separate parts of 
the spectrum, ^nd therefore of the lines of absorption (or 
dark lines), which have always a fixed relation to the colour. 
If, then, a star or other source of light, be in r^-pid motion, it 
is plain that tbe, number of vibrations which reach the eye in 
a given time is altered, and the position of each band or dark 
line in the spectrum of the star will therefore be altered ; 
and the only question is whether the alteration of position 
with regard to the corresponding bright line of the heated 
metallic vapour with which it is compared is measurable^ 

16. Mr. Hugging has made a great many experiments 
upon several stars, the difficulty of which cannot be made, 
intelligible in a popular treatise, and believes he has been 
successful in assigning a tolerably coiTect moj;ion to Siri^$« 
The line which he examined successfully wa^ the hydrogem 
line F, and the displacement which he measured indicated a 
motion of recession between the earth aoid star of 41*4 miles 
per second, and, subtracting from, this the amount of the 
earth's motion from the star in the direction of the visual 
ray, which, by calculation for the time of the observation, 
amounted to about twelve miles per second, there remain 
29*4 miles per second as the velocity of recession of the star. 

16. We have now only to consider the discoveries which 
have been made with regard to comets. 

The recent observations made by Mr. Huggins were of 

Brorsen*s comet, and of the second comet, of 1868^ The 

spectrum exhibited by both comets consisted of three bands 

oy light. These bands, though in ^imii^ ^^axts of the 
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spectrum, differed considerably in position and character. 
The spectrum of shaded bands of Comet II. was found, by 
direct comparison with that of olefiant gas, to be identical in 
refrangibility and in general character with the spectrum of 
carbon. Mr. Huggins repeated his observations several 
times, and satisfied himself with the true identity of position 
of the lines, and he believes that ^' the close resemblance of the 
spectrum of the comet to the spectrum of carbon necessarily 
suggests the identity of the substances by which in both 
cases the light was emitted." 

Another comet, examined at an earlier period, namely, 
the beginning of 1866, exhibited in the spectroscope two 
spectra — a very faint continuous spectrum of the coma, 
showing that it was visible by reflected light, and a light 
point about the centre, exhibiting the spectrum of the 
nucleus. This latter spectrum shows that the light of the 
nucleus is different from that of the coma, in being self- 
luminous, and its position indicated that the material of the 
comet was similar to the matter of which the gaseous 
nebulae consist. 

In 1864, M. Donati, of Florence, found that the spectrum 
of a comet visible in that year consisted of bright lines. 

17. We cannot do better, in concluding this part of the 
subject, than to sum up the facts which have been elicited 
by Mr. Huggins' investigations in his own words : — 

(1.) All the brighter stars, at least, have a structure 
analogous to that of the sun. 

(2.) The stars contain material elements common to the 
sun and earth. 

(3.) The colours of the stars have their origin in the 
chemical constitution of the atmosphere which surrounds them. 

(4.) The changes in brightness of some of the variable 
stars are attended with changes in the lines of absorption of 
the spectra. 

(6.), The phenomena of the star in Corona appear to show 
that, in this object at least, great physical changes are in 
operation. 

(6.) There exist in the heavens true nebulae. These 
objects consist of luminous gas. 

(7.) The material of comets is very similar to the matter 
of the gaseous nebulae, and may be identical with it. 

(8.) The bright points of the star-clusters may not be in 
all cases stars of the same order as thft fte,^wt^\»^'^xv^KsJ^'^'«x^. 

18. Mr. Huggins* investigatioua \i«iNft \io\»\i^^^ ^i^.'^^^S^^'^ 
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confined to the stars, nebnlsB, and comets. He has made 
many valuable observations of the surface of the sun, the 
moon, and the large planets. By these observations we 
have better information than was before possessed of the 
nature of the atmospheres of the planetary bodies, though 
it is on the whole of a negative character. 

The spectra of various parts of the moon's surface, when 
examined under different conditions of illumination, showed 
no indications of an atmosphere. 

In the spectrum of Jupiter lines are seen which indicate 
the existence of an absorptive atmosphere, but they are very 
few. 

The spectrum of Saturn is feeble, but lines similar to those 
which distinguish the spectrum of Jupiter were detected. 

On one occasion some remarkable groups of lines were seen 
in the more refrangible part of the spectrum of Mars. These 
may be connected with the red colour which distinguishes 
the planet. 

No additional lines were detected in the spectrum of Venus, 
affording indication of an atmosphere. This is probably 
owing, as in the case of some of the other planets, to the 
circumstance that the light is probably reflected, not from the 
planetary surface, but from clouds at some elevation above it. 

19. While these interesting investigations, attended with 
such important discoveries, were being made by Mr. Huggins, 
other physicists had not been idle, and discoveries with 
respect to the surface of the sun had been made, of very 
great importance. 

The two most successful investigators have been Mr. J. 
Norman Lockyer in England, and M. Janssen in France. 
I^. Lockyer has been engaged for some years in spectro- 
scopic examination of the sun, and the results of his 
investigations are given in various papers communicated to 
the Boyal Society, and to the Paris Academy of Sciences. 
As summed up by himself, they are : — 

(1.) The determination of the exact positions and number 
of the bright lines observed in the red flames, the phenomena 
which characterise them, and the substance of which they 
are principally composed. 

(2.) The determination of the fact that the red flames are 
merely local heapingB up of an envelope which is continuous 
round the sun, 
(S.) The approximate determmatio-a oi \Xi^ •^x^^wa^'^ 
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existent in the prominences and at the bottom of the con- 
tinuous envelope. 

(4.) A discussion of the bearing of these discoveries on the 
received theory of the physical constitution of the sun. 

20. The most remarkable discovery, however, which is to 
be mentioned in this department of spectroscopic investigation 
is that of devising means for observing the red prominences, 
which have been usually seen only during total eclipses 
round the sun's disk, at ordinary times. This discovery was 
made independently by Mr. Lockyer and M. Janssen, the 
former having the priority of idea, and the second of the 
actual discovery. At the close of a paper communicated to 
the Boyal Society in 1866, Mr. Lockyer suggests that the 
spectroscope might be made to afford evidence of the existence 
of the red flames, though they escape all other methods of 
investigation, and, in the begioning of 1867, he made appli- 
cation to the administrators of the Government Grant Fund 
of the Royal Society for a more powerful spectroscope. The 
request was complied with, but the spectroscope was not 
completed and delivered to Mr. Lockyer till October 16, 
1868. The success was complete on the first day when he 
began to work with it, namely, October 20, and he was 
enabled at once to determine that the prominences consisted 
of hydrogen, by the absolute coincidence of two of the bright 
lines with the Frauenhofer's lines C and F. 

21. In the meanwhile the same discovery was made by 
M. Janssen on the day immediately following the eclipse of 
August 17-18, 1868, namely, on the morning of the 19th; and 
he was enabled not only to see the bright lines in the 
spectrum of the prominences, but to give a graphical 
representation of their size and sha]^ e. 

M. Janssen observed at Guntoor, as has been already 
mentioned in a former part of this book, and his letter, 
containing an account of all his observations, as well as 
of this discovery, was received by the Paris Academy a few 
minutes after Mr. Lockyer' s communication had reached 
the hand of the president of that body. 

M. Janssen sums up his investigations with regard to 
the red prominences as follows : — 

(1.) That the luminous protuberances observed during 
total eclipses belong incontestably to the circumsolar regions. 

(2.) That these bodies are formed of incandeaceiii ^^'^k- 
gen, and that this gas predominates, \i \\. ^o^^\i^\»'^s>rr^ *^^ 
exclusive composition of tliem. 
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(8.) That these circumsolar bodies are the seat of move- 
ments of which no terrestrial phenomena can give any idea 
— amasses of matter, of which the volume is several hundred 
times greater than that of the earth, being displaced and 
completely changing their form in the space of a few 
minutes. 

22. It is hoped that the preceding sketch of the brilliant 
discoveries which have been recently made in astronomy by 
means of spectrum analysis will be serviceable to the student, 
in introducing him to this interesting braiich of scientific 
investigation, and inducing him to read the original records 
of the observers who have so successfully prosecuted it. 

The chief authorities are the papers by Mr. Huggins and 
Mr. Lockyer, in the Transactions of the Boyal Society ; the 
Monthly Notices of the Eoyal Astronomical Society; and 
the Comptes Eendtut of the French Academy. 
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31. WELL-SINKING, BORING, AND PUMP WORK, by J. G 
Swindell, revised by G. R. Burnell. Is. 

43. TUBULAR AND IRON GIRDER BRIDGES, including the 
Britannia and Conway Bridges, by G. D. Dempsey. Is. 6d. 



STRAHAN & CO., PUBLISHERS, 56, LUDGATE HILL. 



SCIENTIFIC AND MECHANICAL WORKS. 



46. ROAD-MAKING AND MAINTENANCE OF MACADA- 

MISED ROADS, by Field-Marshal Sir J. F.Burgoyne. 1«. 6d. 

47. LIGHTHOUSES, their Construotion & Blumiiiatioii, by Alan 

Stevenson. Ss, 

(52. RAILWAY CONSTRUCTION, by Sir M. Stepha^^on. With 
Additions by E. Nugent, C.E. 2s. (ad. 

(i2*. RAILWAY CAPITAL AND DIVIDENDS, with Statistics of 
Working, by E. D. Chattaway. la, 

78. STEAM AND LOCOMOTION, on the Principle of connecting 
Science with Practice, by J. SeweU. 28, 

80*. EMBANKING LANDS FROM THE SEA, by J.Wiggins. &. 

S2^. A TREATISE ON GAS WORKS, AND THE PRACTICE 
OF MANUFACTURING AND DISTRIBUTING COAL 
GAS, by S. Hughes, C.E. 3*. 

62***. WATER-WORKS FOR THE SUPPLY OF CITIES AND 
TOWNS, by S. Hughes, C.E. Ss, 

118. CIVIL ENGINEERING OF NORTH AMERICA, by D. 

Stevenson. 3s, 

120. HYDRAULIC ENGINEERING, by G. R. BumeU. 3*. 

121. RIVERS AND TORRENTS, with the Method of Regulating 

their COURSE AND CHANNELS, NAVIGABLE CANALS, 
&c., from the Italian of Paul Frisi. 28, Qd. 



EMIGRATION. 

154. GENERAL HINTS TO EMIGRANTS. &. 

157. EMIGRANT'S GUIDE TO NATAL, by R. J. Mann, M.D. 28 

159. EMIGRANT'S GUIDE TO NEW SOUTH WALESA 

WESTERN AUSTRALIA, SOUTH AUSTRALIA, VIC- 
TORIA, AND QUEENSLAND, by James Baird,B.A. 25. Qd, 

160. EMIGRANT'S GUIDE TO TASMANIA AND NEW ZEA- 

LAND, by James Baird, B.A. 



FINE ARTS. 

20. PERSPECTIVE, by George Pyne. 28, 

27. PAINTING ; or, A GRAMMAR OF COLOURING, by G. 
Field. 28, 

40. GLASS STAINING, by Dr. M. A. Gessert, with an Appendix 
on the Art of Enamel Painting, &c. Is, 

STRAHAN « CO., PUBLISHERS, 56, LUDGATE HILL. 



6 SCIENTIFIC AND MECHANICAL WORKS. 

41. PAINTING ON GLASS, from the German of Promberg. Is. 
69. MUSIC, Treatise on, by C. C. Spencer. 28. 
71. THE AB.T OF PLAYING THE PIANOFORTE, by C. C. 
Spencer. Is, 

LEGAL TREATISES. 
50. LAW OF CONTRACTS FOR WORKS AND SERVICES, 
by David Gibbons. Is, 6<f . 

108. METROPOLIS LOCAL MANAGEMENT ACTS. U 6i. 
108*. METROPOLIS LOCAL MANAGEMENT AMENDMENT 

ACT, 1862 ; with Notes and Index. Is, 
Nob. 108 and 108* in 1 vol., 2s. Qd. 

109. NUISANCES REMOVAL AND DISEASES PREVENTION 

AMENDMENT ACT. Is, 

110. RECENT LEGISLATIVE ACTS applying to Contractors, 

Merchants, and Tradesmen. Is, 

151. THE LAW OF FRIENDLY, PROVIDENT, BUILDING, 
AND LOAN SOCIETIES, by N. White. Is. 

163. THE LAW OF PATENTS FOR INVENTIONS, by F. W. 
Campin, Barrister. 2s. 



MECHANICS & MECHANICAL ENGINEERING. 

6. MECHANICS, by Charles Tomlinson. Is. Qd, 
12. PNEUMATICS, by Charles Tomlinson. New Edition. Is. 6d, 

33. CRANES AND MACHINERY FOR RAISING HEAVY 

BODIES, the Art of Constructing, by J. Glynn. 1*. 

34. STEAM ENGINE, by Dr. Lardner. Is, 

59. STEAM BOILERS, their Construction and Management, by 
R. Armstrong. With Additions by R. Mallet. Is. Qd. 

63. AGRICULTURAL ENGINEERING, BUILDINGS, MOTIVE 
POWERS, FIELD MACHINES, MACHINERY AND 
IMPLEMENTS, by G. H. Andrews, C.E. Ss, 

67- CLOCKS, WATCHES, AND BELLS, by E. B. Denison. New 
Edition, with Appendix. 3^. 6rf. 

Appendix (to the 4tli and 5th Editions) separately, Is. 

77*. ECONOMY OF FUEL, by T. S. Prideaux. is. Gd, 

78*. THE LOCOMOTIVE ENGINE, by G. D. Dempsey. Is. Qd. 

79*. ILLUSTRATIONS TO THE ABOVE. 4to. 4s. Qd. 

80. MARINE ENGINES, AND STEAM VESSELS, AND THE 
SCREW, by Robert Murray, C.E., Engineer Surveyor to the 
Board of Trade. Fifth Edition, revised and augmented, with 
a Glossary of Technical Terms, with their equivalents in 
French, German, and Spanish. 3«. 

STRAHAN & CO., PUBLISHERS, 56, LUDGATE HILL. 



SCIENTIFIC AND MECHANICAL WORKS. 



82. WATER POWER, as applied to Mills, Ac., by J. Glynn. 2*. 

97. STATICS AND DYNAMICS, by T. Baker. U. 

98. MECHANISM AND MACHINE TOOLS, by T. Baker ; and 

TOOLS AND MACHINERY, by J. Nasmyth. 2s. ed. 

113*. MEMOIR ON SWORDS, by Col. Marey, translated by Lieut.- 
Col. H. H. Maxwell. 1*. 

114. MACHINERY, Construction and Working, by C. D. AbeL 

Is. 6d. 

115. PLATES TO THE ABOVE. 4to. 7*. Qd. 

125. COMBUSTION OF COAL, AND THE PREVENTION OF 
SMOKE, by C. Wye WilHams, M.I.C.E. 3s. 

139. STEAM ENGINE, Mathematical Theory of, by T.Baker. Is. 

155. ENGINEER'S GUIDE TO THE ROYAL AND MER- 
CANTILE NAVIES, by a Practical Engineer. Revised by 
D. F. McCarthy. 3s. 

162. THE BRASSFOUNDER'S MANUAL, bv W. Graham. 

2s. 6d. 
16i. MODERN WORKSHOP PRACTICE. By J. G. Winton. 3s. 



NAVIGATION AND SHIP-BUILDING. 

51. NAVAL ARCHITECTURE, by J. Peake. 3s. 

53». SHIPS FOR OCEAN AND RIVER SERVICE, Construction 
of, by Captain H. A. Sommerfeldt. Is. 

63**. ATLAS OF 15 PLATES TO THE ABOVE, Drawn for 

Practice. 4to. 7s. Qd. 

54. MASTING, MAST-MAKING, and RIGGING OF SHIPS, 

by R. Kipping. Is. 6^. 

54*. IRON SHIP-BUILDING, by J. Grantham. Fifth Edition, 
with Supplement. 4s. 

54**. ATLAS OF 40 PLATES to illustrate the preceding, includ- 
ing numerous Modern Examples — " The Warrior," " Her- 
cules," " Bellerophon," &c. 38s. 

55. NAVIGATION ; the Sailor's Sea Book : How to Keep the Lof' 

and Work it ofP, &c. ; Law of Storms, and Explanation of 
Terms, by J. Greenwood. 2s. 

83 Ms. SHIPS AND BOATS, Form of, by W. Bland. Is. 6d. 

99. NAUTICAL ASTRONOMY AND NAVIGATION, by J. R. 

Young. 2s. 
100*. NAVIGATION TABLES, for Use with the above. Is. Gd. 

106. SHIPS* ANCHORS for all SERVICES, by G. Cotsell. Is. 6d, 
149. SAILS AND SAIL-MAKING, by R. Kipping, N.A. 2s. 6d. 

STRAHAN & CO., PUBLISHERS, 56, LUDGATE HILL. 



6 SCIENTIFIC AND MECHANICAL WORKS. 

PHYSICAL AND CHEMICAL SCIENCE. 

1. CHEMISTRY, hy Prof. Fownes. With Appendix on Agri- 

oultiiral Chemistry. "New Edition, with Index. Is. 

2. NATURAL PHILOSOPHY, by Charles TomUnson. Is. 

3. GEOLOGY, by Major-Gen. Portlook. New Edition, with 

Index. U. 6d. 

4. MINERALOGY, by A. Ramsay, Jan. 3*. 

7. ELECTRICITY, by Sir W. S. Harris. Is. ed. 

7*. GALVANISM, ANIMAL AND VOLTAIC ELECTRIdTY, 
by SirW. S. Harris. Is. Qd. 

8. MAGNETISM, by Sir W. S. Harris. Ss, 6d. 

Nos. 7, 7*. and 8 in 1 vol. cloth boards, 78. 6d. 

11. HISTORY AND PROGRESS OF THE ELECTRIC TELE- 
GRAPH, by Robert Sabine, C JJ., F.S.A. 3s. 

72. RECENT AND FOSSIL SHELLS (A Manual of the MoUusca), 
by S. P. Woodward. With Appendix by Ralph Tate, F.G.S. 

65. Qd. ; in cloth boards, 7«. 6«?. 

The Appendix by Balph Tate, F.G.S., separately, la. 
79**. PHOTOGRAPHY, the Stereoscope, &c., from the French 
of D. Van Monckhoven, by W. H. Tliomthwaite. Is. 6d. 

133. METALLURGY OF COPPER, by Dr. R. H. Lambom. 2s. 

134. METALLURGY OF SILVER AND LEAD, by Dr. R. H. 

Lambom. 2*. 
136. ELECTRO -METALLURGY, by A. Watt. New Edition. 

enlarged. 2s. 
138. HANDBOOK OF THE TELEGRAPH, by R. Bond. Is. 
143. EXPERIMENTAL ESSAYS— On the Motion of Camphor 

and Modem Theory of Dew, by C. Tomlinson. 1*. 
161. QUESTIONS ON MAGNETISM, ELECTRICITY, AND 

PRACTICAL TELEGRAPHY, for the upe of Candidates 

and Students, by W. McGregor, Assistant-Superintendent of 

Indian Telegraphs. Is. 6d. 



MISCELLANEOUS TREATISES. 

12. DOMESTIC MEDICINE, by Dr. Ralph Gooding. 2». 

112*. THE MANAGEMENT OF HEALTH, by James Baird. 1#. 

113. USE OF FIELD ARTILLERY ON SERVICE, byTaubert, 
translated by Lieut.-Col. H. H. Maxwell. Is. Qd. 

160. LOGIC, PURE AND APPLIED, bv S. H. Emmens. Is. 6d. 

152. PRACTICAL HINTS FOR INVESTING MONEY: with 
an Explanation of the Mode of Transacting Business on the 
Stock Exchanf^e, by Francis Playford, Sworn Broker. Is. 

163. LOCKE ON THE CONDUCT OF THE HUBfAN UNDER- 
STANDING, Selections from, by S. H. Emmens. 2s. 

STRAHAN & CO., PUBLISHERS, 56, LUDGATE KILL. 



NEW SERIES OF EDUCATIONAL WORKS. 



NEW SERIES OF EDUCATIONAL WORKS. 

• [TTiis Series is kept in three styles of binding — the prices of each 
are given in columns at the end of the lines."] 



1. ENGLAND, History of, by W. D. Hamilton 
Also in 5 parts, price- Is. each. 

6. GREECE, History of, by W. D. Hamilton 

and E. Levien, M.A 

7. ROME, History of, by E. Levien, M.A. 

9. CHRONOLOGY OP HISTORY, LITE- 

rature. Art, and Progrras, from the earliest 
period to the present time 

11. ENGLISH GRAMMAR, by Hyde Clarke, 

11* HANDBOOK OF COMPARATIVE PHI- 
lology, by Hyde Clarke, D.C.L. 

12. ENGLISH DICTIONARY, above 100,000 

VFords, or 50,000 more than in any existing 
work. By Hyde Clarke, D.C.L. 

, with Grammar 

14. GREEK GRAMMAR, by H. C. Hamilton 

15. DICTIONARY, by H. R. HamU- 

ton. Vol. 1. Greek — English 

17. Vol.2. English — Greek 



Complete in 1 vol. 



' , with Grammar 

19. LATIN GRAMMAR, by T. Goodwin, M.A. 

20. DICTIONARY, by T. Goodwin, 

M.A. Vol. 1. Latin — ^English 

22. Vol. 2. English— Latin 



Complete in 1 vol. 



, with Grammar 

24. FRENCH GRAMMAR, by G. L. Strauss . 



a, 

a 



s, d. 
5 



2 6 
2 6 

2 6 
1 
1 

3 6 

1 

2 
2 

4 

1 

2 
1 6 

3 6 

1 






s, d, 
6 



3 6 
3 6 

3 6 



4 6 

5 6 



5 

6 



4 6 

5 6 



-2 



s. d, 
6 6 



4 
4 

4 



5 

6 



6 6 
6 6 



6 

6 
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NEW SERIES OF EDUCATIONAL WORKS. 



25. FRENCH DICTIONARY, by A. Elwes. 

Vol. 1. French — ^English 
26. Vol.2. English— French 



Complete in 1 vol. 



with Grammar 



27. ITALIAN GRAMMAR, by A. Elwes . 



28. 



30. 
32. 



TRIGLOT DICTIONARY, by 
A. Elwes. Vol. 1, Italian — English — 
French ....... 

Vol. 2. English— French — Italian 

Vol. 3. French — Italian — English 

Complete in 1 vol. . . 

with Grammar 



34. SPANISH GRAMMAR, bv A. Elwes . 
35. ENGLISH AND ENGLISH- 
SPANISH DICTIONARY, by A. Elwes 

with Grammar 



39. GERMAN GRAMMAR, by G. L. Strauss 

READER, from best Authors . 
TRIGLOT DICTIONARY, by 



40. 
41. 



42. 
43. 



N. E. S. A. Hamilton. Vol. 1. English- 
German — French .... 

Vol. 2. German — French — ^English 

Vol. 3. French — German — English 

Complete in 1 vol. . 

with Grammar 



44. HEBREW DICTIONARY, by Dr. Bresslau. 
Vol. 1. Hebrew — English 

, with Grammar 

46. Vol. 2. English— Hebrew 

Complete, with Grammar, in 2 vols. 

46*. GRAMMAR, by Dr. Bresslau . 

47. FRENCH AND ENGLISH PHRASE BOOK 

48. COMPOSITION AND PUNCTUATION, 

by J. Brenan ...... 

49. DERIVATIVE SPELLING BOOK, by J. 

Rowbotham 

50. DATES AND EVENTS. A Tabular View 

of English History, with Tabular Geo- 
graphy, by Edgar H. Rand. 



a 



8. dm 

1 

1 6 

2 6 

1 



2 
2 
2 



1 

40 

1 
1 



1 
1 
1 
30 



60 

7 
30 

1 
1 

I 

1 6 



at 



8, d. 



36 
46 



7 6 

8 6 



50 
60 



40 
50 



12 



«t 5 

«| 

8,d» 



4 

5 



8 6 

9 6 



5 6 
66 



16 
56 
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GREEK AND LATIN CLASSICS. 11 

GBEEE AND LATIN CLASSICS, 

With' Explanatory Notes in English. 

LATIN SERIES. 

1. A NEW LATIN DELECTUS, with Vocabularies and 

Notes, by H. Young Is, 

2. C.SSAR. De Bello Gallioo ; Notes by H. Young . . &. 

3. COKNELIUS NEPOS; Notes by H. Young . . .Is, 

4. VIBQ-IL. The Qeorgics, Bucolics, and Doubtful Poems; 

Notes by W. Kushton, MA., and H. Young . la, Qd, 

6. VIRGIL, -Sneid ; Notes by H. Young . • . . 2». 
Kos. 4 and 5 in 1 vol. vellum cloth, 48. 6d. 

6. HORACE. Ode8,Epodes, and Carmen Seculare, by II. Young Is. 

7. HORACE. Satires and Epistles, by W. B. Smith, M. A. Is, Qd, 

No8. 6 and 7 in 1 vol. vellum cloth, 3s. 6d. 

8. SALLUST. Catiline and Jugurthine War; Notes by 

W. M. Donne, B.A. . . . . . , Is. Gd. 

Nos. 3 and 8 in 1 vol. vellum cloth, 3s. 6d. 

9. TERENCE. Andria and Heautontimorumenos ; Notes by 

the Rev. J. Davies, M.A Is. 6d. 

10. TERENCE. Adelphi, Hecyra, and Phormio; Notes by 

the Rev. J. Davies, M.A 2s. 

11. TERENCE. Eunuchus, hj Rev. J. Davies, M.A. . 1*. 6d. 

Nos. 9, 10, and II in I vol. cloth boards, 65. 

14. CICERO. De Amicitia, de Senectute, and Brutus ; Notes 

by the Rev. W. B. Smith, MA 2s. 

16. LIVY. Books i., ii., by H. Young , , , . Is. Qd. 
16*. LIVY. Books iii., iv., v., by H. Young . , , Is. 6d. 

17. LIVY. Books rxi., mi., by W, B. Smith, M.A. . Is. 6d. 

19. CATULLUS, TIBULLUS, OVID, and PROPERTIUS, 

Selections from, by W. Bodham Donne , . . ,28. 

20. SUETONIUS and the later Latin Writers, Selections from, 

by W. Bodham Donne . . . . ,. . • 2». 

2L THE SATIRES OF JUVENAL, by T. H. S. Escott, M.A., 

of QAieen's College, Oiford . . . . . Is. 6d, 

STRAHAN & CO., PUBLISHERS, 56, LUDGATE HILL. 
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GREEK SERIES. 

L A NEW GKJEEK PELECTUS, by H. Young . . Is, 

2. XENOPHON. Anabasis, i. ii. iii., by H. Young . . 1*. 

3. XENOPHON. Anabasis, iv. v. Ti. Tii., by H. Young . Is, 

Nos. 2 and 3 in I vol. vellum cloth, 3s. 

4. LUCIAN. Select Dialogues, by H. Young , . , Is, 

5. HOMER. . niad, i. tx) vi., by T. H. L. Leary, D.C.L. Is, Qd. 

6. homer:' 'Iliad, vii. to xii., by T. H. h, Leary, D.C.L. Is, Sd, 

7. HOMER. Hiad, dif. to xviii.', by T.H. L. Leary, D.C.L. Is. Qd, 

8. HOMER. Iliad, xix. to Mtiv., b^ 3^. H. L. Jje&rfi D.C.L. Is, Qd, 

9. HOMER. Odyssey, i. to vi., by T. H. L. Leary, D.C.L. Is, 6<f; 

10. HOMER. Odyssey, vii. to xii., by T. H. L. Leary, D.C.L. Is, Qd. 

11. HOMER. Odyssey,xiii.toxviii.,byT.H.L.Leary,D.C.L. ls,Qd, 

12. HOMER. Odyssey, xix. to xxiv. ; and Hymns, by T. H. L. 

Leary, D.C.L 28. 

Nob. 5 to 12 in 4 vols, vellum cloth, 16s. 

13. PLATO. Apologia, Crito, and Phiedo, by J. Davies, M.A. 2s, 

14. HERODOTUS, Books i. ii., by T. H. L. Leary, D.C.L. Is. 6d. 

15. HERODOTUS, Books iii. iv., by T. H. L. Leary, D.C.L. Is, Qd, 

16. HERODOTUS, Books v.vi. vii., by T.H.L. Leary, D.C.L. l8,Qd. 

17. HERODOTUS, Books viii. ix., and Index, by T. H. L. 

Leary, P.CL ls,Qd, 

Nos. 14 to 17 in 2 vols, vellum cloth, 88. 

18. SOPHOCLES. (Edipus Tyrannus, by H. Young . . 1*. 
•JO. SOPHOCLES. Antigone, by J. Milner, B.A. . . , 2s, 
23. EURIPIDES. Hecuba and Medea, by W. B. Smith, M.A. 1*. 6d. 
•J6. EURIPIDES. Alcestis, by J. Milner, B.A. . . .1*. 
30. -aESCHYLUS. Prometheus Vinctus, by J. Davies, M.A. . 1*. 
32. -ffi:SOHYLUS. Septem contra Thebas, by J. Davies, M.A. Is. 

40. ARISTOPHANES. Acharnenses, by C. S. D. Townshend, 

M.A ls,6d. 

41. THUCYDIDES, Book i., by H. Young .... 1*. 

42. XENOPHON. Agesilaus, by LI. F. W. Jewitt. . Is, 6d. 
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S^ TtBXUH k CO., 26, IVY LABE, PAIBBHOSTXB SOW. ^ 

^4! : I 

^^ Euclid, the Elements of, with many additional Propo- 5^ 

;^:^ GiMoDs, and Explanatoiy Notes ; to which is prefixed an In[ro- r^, 

W^^l durto^Essfljoti Logic. Bj Hbket Law, C.E. Sa. 2^ 

■^>^ Analytical Oeometoy and Conic Sections, a Rudimeatary ^ 

^Xi Tmatise on. By Jambb Hum, Mathematical Master of King's o^ 

i^;1? College School, London. Is. .'^ 

SVr* Plane Trigonometry, the Elements of. ByJiMBsHAsN. Is. ^ 

l^tft ^ 

S^ Spherical Trigonometry, the Elemen^ of. ■ By Jaubs -i^ 

^'xt Hans. Bevised bj Ckarles H. Dowuno, C.E. Is, *^ 

:^?j N.B.— The Elements ot Kane (Bid Sphericsl TrigoDometiy in one -^i 

^$S volnme, price 2s. " -i^ 

" U Menanration and Ueasnring, for Students and Practical fft 

St Use. With the Mensuration and Levelling of I^ad far the pur- -y^ 

7J posss of Modem Engineering. By T. Bakbs, C.B. New Ediiion, -^X 

i witK Corrections and Addidona by B. Ndobni, CE. Is. 6d. ^^ 



^P^ Logarithmfl, a "Rudimentary Treatise on : Mathematical %X 

i^T^ Tablee for facililatieg Astronomical, Nautical, Trigonometrical, .^^ 

^Jt^ and Logarithmic CalculatioM ; Tables of Natural Sines and Tan- ^' 

l^Jn gents and Natural Cosines, By Hehai Law, C.E, Es. 6d, SV 

r^^^ Eudimentary Astronomy. By the Rev. Robert Main, !pQ? 

'3C*^ M,4., F.R.A.S,, of the Kojal Observatoiv, Gieenwich. IIlus- 5.-,'' 

II »«. ... _ g 

'■^^l Differential Calculus, the Elementa of tlie. Bv W, S. B. c?^ 



^^ Differential Calculus, the Elementa of tlie. 
WooLBOOSB, F.B,A.S., F.S.S., Sec. 



}V^ The measures, Weigbts, and Moneys of all Nations, cy 

kXq. and an Analysis of the Christian, Hebrew, and Mahometan ^f 

^fe Calendars. By W. 8. B. Woolhoche. 1b, «d. ^J 

'J^;/ rmivx » do., sb, itt lahz, PATEBVOsna bow. . ' o>,^ 



ft 

VHtTUE & CO., 28, IVT LAKE, FATEBHOSTES BOV. 
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W" The Integral Calculus, a Rudimentary Treatise on. 

HOMEBSHAM CoX, B.A. IS. 



^•^ The Integral Calculus, Examples on. By James Hann. 
The Differential Calculus, Examples and Solutions in. 
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By James Haddon, M.A. Is. 
"ib Geometry, Algebra, and Trigonometry, in Easy Mnemo- 

nical Lessons. By the Rev. Thomas Pentngton Kibkman, M. A. 
Is. 6d. 

Subterraneous Surveying, with and without the Magnetic 

Needle. By Thomas Fenwick, Sarveyor of Mines^ and Thomas 
i)^ Baker, C.E., Author of "Land and Engineering Surveying." 
ti^ 2s. 6'd. 

^ The Miller's, Merchant's, and Fanner's Ready Reckoner, 

iX for ascertaining at sight the valua of any quantity of Com, from 
one Bushel to one hundred Quarters, at any given price, from £l 
to £5 per quarter. Together with the approximate value of Mill- 
ie stones and Millwork, &c Is. 

Arithmetic, Eudimentary, for the use of Schools and Self- 
Instruction. By James Haddon, M.A. Bevised by Abba ham 
c Akman. Is. 6d. 

N.B.— A KEY to the above Book. By Aa Abhak. Is. 6d. 

1^ Arithmetic, the Stepping-Stone to; being a complete 

^ course of Exercises in the First Four Bules (Simple and Com- 

x^ pound), on an entirely new principle. For the use of Elementary 

!m Schools of every Grade. Intended as an Introduction to the more 

■^ extended works on Arithmetic. By Abraham Abman. Is. 



x!) 






N.B.— A KEY to the above Book. By A. Abman. Is. 

^ The Slide Rule, and How to Use it; containing fall, 

easy, and simple instructions to perform all Business Calculations 
yi with unexampled rapidity and accuracy. By Chables Hoabb, 



^ C.E. WithaSlid^^.>*v^ic;tr^v.v,V:>7-i.7^-.-: .-^. 
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